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THE N-BODY CODE - A GENERAL FCRTRAN CODE FOR THE
NUMERICAIL: SOLUTION OF SPACE MECHANICS
PROBLEMS ON AN IBM 7090 COMPUTIER

By William C., Strack and Vearl N. Huff

SUMMARY

A general astronomical integration code designed for a large class of prob-
lems in space mechanics that may be solved by numerical integration is described.
The equations of motion provide for the effects of up to eight gravitating celes-
tial bodies, oblateness and aerodynamic forces from the celestial body at the
problem origin, propulsion system thrust, and rotation of the body at the origin.
The coding in this report is intended for use on an IBM 7090. An earlier version
was reported in NASA Technical Note D-1455 and was designed for use on an IBM 704.

INTRODUCTION

The general problems of space mechanics (i.e., n-bodies plus nonconservative
forces such as thrust) cannot be solved analytically. Therefore, numerical inte-
gration through the use of computing machinery is usually employed.

Several codes have been written for the numerical solution of problems in
orbit mechanics; for example, the Themls Code of reference 1 is a double-
precision code intended primarily for close satellites or interplanetary coasting
flight. Reference 2 describes a space-trajectory program of considerable merit.
A listing of several other trajectory codes may be found in reference 3.

The general purpose code described herein has several distinctive features
not all of which are found in any one of the previously available codes. As de-
scribed herein, this code is designed to operate on an IBM 7090 computer that has
a 32,000 word (32 K) memory. The fact that the program is written in FORTRAN
should make 1t applicable to installations having other types of equipment that
accept the FORTRAN language. An earlier version of this program designed for an
IBM 704 with an 8-K core and at least 1 K of drum storage has been previously
published in reference 4. This report has Incorporated a number of improvements.
The most ilmportant ones are: (1) only one core load is required, (2) all stage
data for multistage vehicles may be loaded simultaneously, (3) the third harmonic
term is included in the Earth's oblateness equations, and (4) there are addi-
tional program controls available that provide increased flexibility.

The program is compartmented into 25 subroutines to facilitate modifications



for specific problems. The integration 1s carried out in either rectangular co-
ordinates or orbit elements at the option of the user. A compact ephemeris that
occuples about one-seventh of a reel of tape is utilized for positions and veloc-
ities of the planets (except Mercury) and the Moon. An atmosphere is included
so that aerodynamic forces may be considered.
STATEMENT OF PROBLEM

The problem to be sclved may be stated as follows: Given certaln initial
conditions, compute, using three degrees of freedom, the path of an object, such
as g space vehicle, subject to any or all of the following forces:

Origin body gravitational field

Other celestial body gravitational fields

Propuisive thrust

Aerodynamic forces

Any other defined forces

ternately, in equation form, with respect to a noninertial Cartesian coordinate

system, e—
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where n equals the number of perturbating bodies and V denotes the del oper-
ator., (All symbols are defined in appendix A.)

Origin Body Gravitational Field and Oblateness Perturbations

The first term, VU, in the equation of motion (eq. (1)) represents the grav-
itational forces due to the origin body. When the origin btody is spherical and
made up of homogeneous layers, this term becomes simply -u?/rs. In the case
of the Earth, however, the effect of oblateness may be important, and additional
terms must be added to account for the oblateness effects. The expression for
the gravitatiocnal potential U of an oblate spheroid may be written, according
to reference 5, &s

o Zlo - 0] @ @] 2@ =]




where the x,y plane lies in the equatorial plane. The components of gravita-
tional acceleration are as follows:
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The first terms exist for a spherical planet composed of concentric layers of
uniform density. The terms containing J, H, and 2 are frequently called the
second, third, and fourth harmonic terms, respectively, while J, H, and £

are known as the harmonic coefficients.

It is expected that oblateness perturbations need to be computed only for
the origin body, since at large distances, such as that between celestial bodies,
the gravitational field of an oblate body 1s essentially an inverse-square field.
Conslderation of oblate bodies other than the Earth requires only different val-
ues of J, H, and £ if that body's rotation axis is parallel to the z-axis.
When the body has triaxial asymmetry or when the z-axis cannot conveniently be
alined with the rotation axis of the origin body, the equations must be extended
if oblateness is to be included.

Celestial Body Perturbations

The presence of more than one gravitating body in addition to the object re-
sults in the inclusion of the second term of equation (1). The evaluation of
this term requires a knowledge of the positions of the bodies as a function of
time. The degree of precision desired determines the method to be used to obtain
the positions such as elements of ellipses or an ephemeris.



Propulsive Thrust

The propulsive acceleration 1s completely specified by a direction and a
magnitude. The thrust direction may be referred to the velocity vector by two
angles: a, the angle between the velocity and the thrust vectors and B, the
angle between the orbit plane and the velocity-thrust plane. The sense of each
angle is indicated in sketch (a).

Orbit plane

K‘ -
P Velocity-thrust
plane
-
V! - (XJyJZ)
b 4
r
(0,0,0) %

(a)

The velocity may be referenced with respect to one of several coordinate
systems. If the computation refers to s takeoff of a rocket or winged vehicle,
the coordinate system rotating with the Farth may be preferred. In such cases
the relative velocity (i.e., the velocity of the object relative to the atmos-
phere) will serve to orient the thrust vector. Resolution of the thrust-vector
components slong the x,y,z axes is shown in appendix B,

The thrust magnitude for most types of problems is of the form
F = F(U.I,I,t, L v)

Any such function (or even a more complicated relation) may quite easily be in-
serted into the program. For many space powerplants, the rocket engine thrust
equation

F = -#lg, - Phe (4)

is sufficient and is used as a standard in the present program.

Aerodynamic Forces

The aerodynamic forces are usually divided into the two components, 1ift and
drag. The drag force is directed opposite to the relative wind vector, and the
1ift vector 1s perpendicular to the reliative wind vector. The angles « and B,
defined in the previous section, serve as the angles of attack and roll, respec-
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tively. Yaw effects are not considered. Resolution of the 1ift and drag vectors
into components along the x,y,z axes is glven in appendix B.

The megnitudes of the 1lift and drag forces may be conveniently determined
through use of a tabular group of coefficients in relatively simple eguations.
The 1lift and drag magnitudes may then be expressed (as is usual in aerodynanmics)
as

L = Cp,(a,Ny)aS (5)
D = Cp(Cy,,Ny)as (6)
where
a = aft)
Cp, = £1(Ny)sin «
Cp = Cp,0 *+ Cp,1 = Cp,o(My) + £ (My)Cf
q =% o(vt)2

p = Q(P:T) = p(h)

If a(t), Cp,o(MM), f1(MM), and fp(ly) are assumed to be quadratic functions and
B 1s assumed to be constant, the expressions for a, B, C1,, CD,O: and CD,i
become

Q4 = all + alzt + a13t2
B = Bo
2
CL = (aZl + aZZNM + aZBNMDSin a
Cp,0 = 831 + azply + azzly
Cn s = (8, +a + a,-Na)ce
D,i 41 * 842Ny + a4zNy)Cr,

where the guadratic constants 8,y may have different values for different re-
gions of the independent variables t and Ny

It should be remembered that these choices are arbitrary and are not re-
strictive because other functions may easily be used by simply changing the equa-
tions where they appear in the program. In fact, any propulsion system and aero-
dynamic configuration can presumably be incorporated by writing proper thrust and
aerodynamic subroutines.

Pressure, temperature, and density are determined as functiocns of altitude
in accordance with the U.S. Standard Atmosphere, 1962. The atmospheric data



are in the form of a short table, which may be altered conveniently to account
for a different atmospheric model.

Other Forces

The § forces may be any forces such as electrostatic, megnetic, or solar
radiation pressure that affect the trajectory. While these forces are not con-
sidered further herein, their inclusion would usually be feasible and would be
similar to thrust, 1ift, and drag.

METHOD OF SOLUTION

A description of several numerical integration technlgques and thelr relative
merits are contained in reference 6. A stralghtforward methed for finding the
position of the object as a function of time is to integrate the total accelera-
tion of the object expressed in rectangular components. An example of this
method is Cowell's method (ref. 8).

However, when the system under investigation consists of two nonoblate
bodies (one of which is the object) with no forces other than gravitational at-
traction forces, an exact analytical solution for the motion of the body exists.
Further, if the conditions of the actual problem are such as to approximate the
two-body problem closely, another approach 1s to use the exact two-body solution
as a baslis and simply integrate the changes 1in the two-body parameters, since
they should be slowly varying. This technique, sometimes called the "variation
of parameters,” will be referred to as "integration of orbit elements."

Since problems both remote and near to the exact two-body problem are en-
countered in orbit mechanles and since either type of problem is solved more ef-
ficiently by using the technique most suitably applicable, it was considered
desirable to use elther of the previously mentioned integration techniques at
will, Accordingly, two methods of integration are provided in the program,
namely, rectangular coordinates and orbit elements,

Integration Variables

To use elther of these integration technlgues, it i1s necessary to select a
suitable set of variables. Because a differential equation may determine the
mass of the object (i.e., spacecraft), mass has been selected as a variable to be
integrated. Selection of the remalning parameters follows 1in the subsequent par-
agraphs.

Rectangular coordinates., - In the first technique, the total acceleration
components X, ¥, and z are integrated to obtain x, y, and z where x, ¥y,
and z are the rectangular components of the origin to object radius 7. The
positive x-axis pclnts Iin the direction of the mean vernal equinox of 1950.0.
The positive y-axis lies in the mean equafor of 1950.0 and is perpendicular to
and counterclockwise from the positive x-axis. The z-axis pointé north and




completes the righthanded orthogonal set. The integration in rectangular coor-
dinates involves numerical solution of three second-order differential equationsj;
that is, a double integration is required for integrating the accelerations to
obtain velocities and the velocitles to obtaln positions. The rectangular vari-
gbles have advantages of complete generality and a minimum amount of computing
per step.

Orbit elements. - In the variation-of-parameters technique, a set of six in-
dependent two-body parameters called orbit elements are integrated. These six
parameters may be arbitrarily chosen from a host of possibilities. The set se-
lected for this program 1s composed of the eccentricity e, the argument of peri-
center , the equatorial longitude of ascending node &, the Inclination of the
orbit plane to the equatorial plane 1, the mean anomaly M, and the semilatus
rectum p. The transformation equations from orblt elements to rectangular coor-
dinates are given in appendix C.

The integration of orbit elements requires the numerical solution of six
first-order differential equations. The rather involved transformation by which
the three second-order differential equations in X, ¥, and Z are reduced to
six first-order equations in &, &, Q, i, M, and P 1s contained in reference 7.
Integration in orbit elements is frequently advantageous because the smaller
orbit-element derivatlives may permit larger integration intervals that result in
fewer steps. In the special case of two-body motion, the derivatives are zero
(except M, which is a constant).

Mathematical difficulties may arise occasionally with most sets of orbit
elements. In particular, for the selected set, these occur when e approaches
unity (parabolic trajectory), which causes a loss of numerical accuracy in the
frequently used quantity (1 - ez), and wnen an asymptote 1s approached too
closely, which causes numerical difficulties in the iterative solution for eccen-
tric ancmaly from Kepler's equation. The selected solution to these difficulties
is to shift temporarily to rectangular-ccordinate integration whenever the diffi-
culty arises.

Integration Method

It is clear that regardless of the cholce of integration technique, the mag-
nitudes of the derivatives of the variables to be integrated may vsary conslder-
ably along the trajectory. With fixed step size (constant intervals in time),
the Integration scheme will take unnecessary steps in the regions where the
changes 1n the derivatives are small and thus will waste computing time and in-
crease roundoff error. When the derivatives are large and change rapidly, a
fixed step size will result in large truncation error (error due to excessive
step size). Thus, in the interest of computing accuracy and economy, use of var-
iable step size along the trajectory becomes desirable.

One of the integration schemes that allows variable step-size control to be
incorporated easily is the Runge-Kutta scheme. For this and other reasons, it
was decided to use a fourth-order Runge-Kutta method with variable step-size con~
trol.



Truncation error and step size may be controlled by examining the relative
errors between the fourth-order Runge-Kutta integration scheme and a lower-order
integration procedure, The arbitrarily chosen low-order integration scheme was
an unequal-interval Simpson rule methcd. Details of the fourth-order Runge-Kutte
integration method and the step-size control are given in appendix D. Roundoff
error may be reduced by accumulating the integration variables in double preci-
sion.

Origin Translation

As noted previously, machine computing time and roundoff error may be mini-
mized by maximizing the integration interval. The largest intervals are possible
in orbit elements when the celestial body at the problem origin is the one that
has the greatest influence on the vehicle motion. For this and sometimes other
reasons, 1t may become desirable to translate the problem origin occasionally as

the vehicle moves along its path.

Such translations of the origin may be made when the object enters a body's
"sphere of influence," that is, the sphere about a body within which the greatest
influence upon the obJect 1s due to forces origingting from that particular body.
In this program, the orientation of the coordinate system is always alined with
the system determined by the Earth's mean equator and equinox of 1950.0, as 1is
standard in astrononmy.

THE CODE AND ITS USAGE

The stated problem was programed in FORTRAN routines that are separately
designed to accomplish one task but when combined form a complete program. This
feature facilitates modifications.

The program is labeled as a general-purpose code, but an efficient genersl-
purpose code cannot be g reality. As a result, thls code is not especially gen-
eral, but an attempt has been made to retain efficiency and to provide for easy
modification of the routines to recover generality as needed. For example, the
program is an "open system'; that is, it solves an initial-value problem. There
is no link provided to obtain specific end conditions. Provision of this link is
left to the user for his specific needs. In particular, when certain end condi-
tions of a trajectory are to be met by determining the correct initial conditions
(two-point boundary-value problem), the user may program an iteration scheme to
compute initial conditions from end conditions of previous runs. Figure 1 1s a
simplified diagram that shows how the various major subprograms (and exits) are
arranged.

In the following sections, the program is sometimes discussed in terms of
the FORTRAN variables and routines. A glossary of these variables is given in
appendix E.



Ephemerides

To determine the position of each celestial body, there 1s offered a choice
between ellipses and a precision ephemeris. Any appropriate ellipse data may be
used, and an example of such data is given in table I.

The precision-ephemeris tape that is used in the program was so made that
position and velocity were obtainable through the use of a fifth-order polynomial
whose coefficients are stored on tape. The detalls concerning the making of the
tape and its structure are given in appendix F. This master tape is a merged
ephemeris containing all the planets (except Mercury), the Moon, and the Earth-
Moon barycenter from October 25, 1960 to about 2000 (except for the Moon, which
has an ending date of 1970).

Direct use of the master merged ephemeris tape would, in general, waste
computing time, since excess tape handling would occur in order to bypass data
not required for the particular problem. To minimize tape handling during exe-
cution, a shorter merged ephemeris containing only that data needed for a spe-
cific problem is constructed at execution time. Several of these working ephem-
erides may be constructed before the integration of the problem. (Several prob-
lems may be loaded simultaneously with the same ephemeris, or each problem may
reguire ? distinct ephemeris, or several ephemerides may be desired for & single
problem.

i

Multistage Vehicles

The code 1s designed to handle the case of multistage vehicles in the fol-
lowing way: The stage data for all stages 1s intended to be loaded simultane-
ously. This resuits in several initial vaiues of those parameters classified as
stage parameters. Also, this may be expensive in terms of machine storage if
either the number of stage parameters or number of stages 1s large. Therefore,
only parameters of a basic group were defined to be arrays, and the number of
stages was limited to 10. This group 1s composed of values for the initial mass,
propellant flow rate, vacuum specific impulse, engine exit area, aerodynamic
reference area, burning time, initial integration step size, and an input iden-
tification number. The input identification number is a provision that allows
other parameters to be loaded just prior to integration of a particular stage.

Step-Size, Output, and Termination Controls

Truncation error and step size are controlled by computing the relative
errors between the Runge-Kutta integration and the lower-order integration proce-
dure. If the greatesi relative error between the methods is greater than a maxi-
mum 1limit (ERLIMT), the integration step will be repeated after a smaller step
size is computed, In either case, a new step size is computed from the relative
errors of the previous steps and is intended to result in an error that 1s close
to & reference value (EREF). Further, the step size may then be reduced by the
ocutput controls. In any case, a step can be no larger than three times the size
of the previous successful step. (See appendix D.)



Output is sometimes desired at specific points along the trajectory, while
et other times this is unimportant. This option is provided for the user so tha-
he may choose output to occur at equal Intervals in step number or equal time
intervals (which places a constraint on the step size). Also, he may choose to
change from one mode to another along the trajectory. These choices of output
spacing are effected through the use of the FORTRAN variables MODOUT, DELMAX,
STEPS, and TMIN, which is explalned under the MIDOUT entry of table II, a table
of program control parameters.

In addition to the output control discussed in the previous paragraph, there
1s another facility that may be quite useful. The integration process may be
interrupted at an arbitrary polnt along the trajectory where the point in ques-
tion 1s not necessarily a specific time. For instance, 1t may be desirable to
interrupt the flight at a specific altitude, velocity, dynamic pressure, and so
forth. If the point 1s indeed attained along the path (it may not be), output
occurs, input cards may be read in, and a decision 1s made whether to continue
the stage, terminate the stage, or terminate the flight. The control of this
facility 1s described under the entries in table II for LOOKX, XLOOK, LOOXSW,
SWLOOK, and END.

Computer Output

A basic output format was programed to serve as a basls for modification
and is illustrated in table III, It is intended that a user of the code modify
the output to suit his purpose. In addition to examining the normal output, it
is sometimes desirable to examine the error-control data such as the relative
errors in the integration variables along the path. These data are printed as a
single block after completion of a stage if the sign of the input error refer-
ence value EREF 1s negative. The sign of EREF 1s irrelevant in the error-contro:
portion of the program, since 1ts absolute value 1s taken.

Computer Input

The user has a choice of three possible sets of input data that specify po-
sition and velocity: (1) six orbital elements, (2) three Cartesian components
of velocity and position, and (3) latitude, longitude, azimuth, elevation, veloc-
ity, altitude, and time.

The third set mentioned is programed for the Earth only, where the latitude
and longltude are the geocentric latitude and longitude measured from the equato:
and Greenwich, respectively. The azimuth angle 1s measured in a plane tangent tc
the sphere of radius r at the point on the sphere determined by the geocentric
latitude and longitude, and relative to the local meridian, positive eastward
from north. The elevation angle is then measured in a plane normal to the tan-
gent plane, positive outward (sketch (b)). The tangent plane is taken to be
horizontal with the effects of oblateness and rotation considered if these ef-
fects are "on." If oblateness and rotation are "off," the horizontal is perpen-
dicular to the radial direction. This input option ignores the correction be-
tween universal time and ephemeris time and between the instantaneous equator and
equinox and the mean equator and equinox of 1950.0.

10



North

Long = longltude measured from
Greenwlich in Earth's
equatorial plane, posi-
tive east

Lat = latitude, measured posi-
tive north, geocentric

Azl = azimuth angle, measured
east from north from
local meridian

Elev = elevation angle, positive

Greenwich outward

y Vel = vehicle's initlal velocity

r = radius of vehicle from
Earth's center

(b)

A list of input instructions is contained in appendix G along with an input
check 1list.

The input routine described in reference 8 was used because of its simplic-
1ty; however, another input routine may Geused if it is desired.

CODING
General

Appendix H contains the code listing of the program. A magnetic tape is
available (from Lewis) so that the code listing in printed form and/or on cards
can be reproduced. In addition, the tape contains the merged ephemeris data in
proper format for use with the code.

Some of the FORMAT statements are of the G-type. These statements will
print output in I, E, or F format depending on the nature of the variable.
Fixed-point variables will take the I format, while floating-point variables will
assume the F format unless the magnitude of the variable falls outside the useful
F range, in which case the E format is used. FORTRAN facilities that do not ac-
cept the G-type format statements may easily substitute E-type formats.

A condensed description of the program supervisory control is shown in the
flow diagram of figure 2. Table IV is a map of COMMON allocation (blanks are
left for the user) and table II contains & description of the program control
parameters. The elements of the integration variable array (XPRIM) are given in
table V. The assumed values of the astronomlcal constants are given in table VI.
These values are consistent with those given in reference 9.

11



Examples

Two examples of code usage are presented. The first example, which is de-
scribed in the following paragraph, is a problem of raising a low-altitude satel-
lite into a 24-hour orbit by using tangential, low acceleration. The other ex-
ample 1s a more complex problem involving a ground-launched lunar probe with a
three-stage rocket, which is described in appendix I. Both problems were se-
lected to illustrate the usage of the program rather than to attempt a detailed
analysis of the example problem.

For Example I for low-tangentlal thrust, the trajectory to be determined is
that used to raise a 3850-kilogram package from an initial 300-statute-mile cir-
cular equatorial orbit to a 24-hour orbit using a 60,000-watt nuclear electric
system with a specific impulse of 2540 seconds and an overall efficiency of
40 percent. The required engine parameters may be calculated as follows:

Thrust force:

2Py 2 X 60,000 X 0.4

F = qg, = 72540 X 9.80665

= 1,927 newtons

Initial acceleration:

F _ l.927
mg 3850

= 5.0051948x10"¢ m/sec?

Propellant flow rate:

. _ ¥ 1.927 -5
h = = 7.7361935X10
™ = Tg, ~ 540 x 9.60665 561 kg/sec

A detailed account is given in the following paragraphs for the solution of
this problem by the prescribed program. Only those features of the program that
have a direct bearing on this particular problem are discussed. Additional pro-
gram features are discussed in the account of the second example problem. It ma;
prove beneficial to refer to figure 2 during these two dlscussions. Also, all
statement numbers referred to in the following text correspond to the program
listing in appendix H.

It is assumed in the program that all memory data stores are cleared (set
equel to zero) before operation begins. Control begins when the main program is
entered. Then a set of so-called "standard data" is "initialized” by executing
SUBROUTINE STDATA. Before initializing, STDATA clears that area of COMMON C no
longer needed.

The next step is calling for input at statement 8. The following list of
parameters constitutes the Iinput:
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Parameter FORTRAN Value
name
Initial mass, mg, kg RMASS 3850
Semilatus rectum, p, m P 6. 86x108
Specific impulse, I, sec SIMP 2540
Flow rate, -m, kg/sec FLOW 7. 7361935X10™°
Time limit, sec TB 842590. 2
Initial step size, sec DELT 81500
Step number limit, steps | STEPMX . 82000
Frequency of output, STEPS 8200
steps/output

8Assumed value.

Variables such as eccentricity and mean anomaly that are initlally zero are
not included in this list, since all memory data stores are inltially zero.

In accordance with the input routine of reference 8, the input cards may
appear as

$CATA=]1,4TABLE,82=RMASS,718=P,103=5IMP, $$ IOENTIFICATIUN AND
93=FLCW,143=LELT,73=TB,26=STEPMX,27=STEPS/ %% TABLE DEFINITION

55
RMASS5=3850,5IMP=2540,FLCW=7.7361935E-5 $% VEHICLE MASS, ISP, MASS FLUW
P=6.86L6,TB=464259C.2,STEPMX=2C0C $% SEMILATUS-RECTUM, TIME LIMIT, STEP LINMIT
LELT=1500,5TEPS=200 v INITIAL STEP SIZE, OUTPUT EVERY 2(LCIH STEP

where the entries between the $TABLE and slash (/) reference the subsequent en-
tries to the second argument C of the calling statement. Thus, for example,
STEPS is equivalent to C(27), the 27th location from the beginning of COMMON C.

Part 11 of SUBROUTINE ORDER computes the gravitational constants u and
n/E. Next, SUBROUTINE STAGE is called where the stage data for the first (and
only) stage are moved into the proper stores for use in the SUBROUTINE NRODY.

The vacuum value, PUSHO, for the thrust is computed, and then SUBROUTINE NBODY
1s called to integrate the path.

The next sequence is that of integrating the first two steps. These two
steps are of equal size and are integrated before an error check is made. If the
first two steps are satisfactory (determined by statement 25), the remaining
steps are integrated while the relative error is being checked at the end of each
step. Parts 1 and 5 of NBODY are concerned solely with this starting phase,

Part 1 sets up the starting sequence and causes the initial conditions to appear
on the output sheet. Parts 2 to 4 accomplish the Runge-Kutta integration for a
single step. '

The derivatives used in the integration are obtained from SUBROUTINE EQUATE,
The first half of this subroutine finds the Cartesian coordinates and velocities
through use of Kepler's equation. SUBROUTINE THRUST is called to determine the
components of the thrust acceleration in the Cartesian coordinate system. (After
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control is returned to SUBROUTINE EQUATE, the thrust acceleration 1s resolved
into circumferential, radial, and normal components.) Finally, the derivatives
of the orbit elements are calculated, and a return is made to NBODY.

After the Runge-Kutta integration is performed, the error check is made in
part 5B (part 6 after the starting sequence) by computing the difference between
the Runge-Kutta integration and the low-order integration. SUBROUTINE ERRORZ is
called to determine the largest of the relative errors. If the largest of the
relative errors is greater than the limit value, ERLIMT (set in STDATA), part 8,
which computes a smaller step size for the same interval, is entered and control
is returned to part 1. If the greatest relative error is smaller than the limit
value, part 7, which advances the variables of integration, is entered and calls
SUBROUTINE STEP to compute the next step size and print out the variables of the
first step, Part 7 also counts the revolutions past the x~axis and adjusts the
argument of pericenter and mean anomaly to within d4x +to retain accuracy in the
sine-cosine routines. .If the step size exceeds 1/2 revolution, the revolution
count may be short by an integral number. Control is finally transferred to
part 1 to begin computation of the next step.

The problem 1s terminated when the time 1imit TB is reached. This check is
done in SUBROUTINE STEP. Had the problem exceeded the step number limit STEPMX,
1t weuld have terminated at that point. In either case, control is returned to
the main program to begin the next problem. When no data for another problem
are given, the execution is terminated (i.e., control is returned to the monitor
by SUBROUTINE INPUT as a result of an end-of-file on tape 7). The output of the
last step 1s

STEP= B822. + 46. ECCENTRICITY= 2.37439758E~-04 CMEGA= 1.57424484

TIME= 42590.200 SEMILATUS R.= 6898546.50 fRU A= 1.571C7785
JDAY= 244C000.4927 MEAN ANOMALY= 1.57060298 NODE= O
ALFA= O PATH ANGLE= 1.36042929E-02 INCL= O

V= 7601.36401 R= 6898546.94 REFER=EARTH ORBIT |

VX= 26.5485928 X=-6898498.81 KMASS= 3B4G.T7.911
VY=-7601.31769 Y==25731.9050 REVS.= 7.50059360

vZ=-0 I==3 DELT= 312.139160

The time histories of several trajectory parameters for this example are
shown as s¢lid lines in figure 3. The oscillations of the eccentricity and mean
anomaly cause g rather small step size, as noted in the figure. To indicate how
exercising care in selecting the input can increase the computational efficiency,
the same problem may again be run with the following initial values (according
to ref. 10) of eccentricity and mean anomaly:

2(F/uq) o
e = — —
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The input cards for this case make use of the algebraic properties of the input
routine to compute the desired value of these parameters. The cards are

$DATA=1,3TABLE,B3=RMASS,718=¢,103=5[MP, 5% IDENTIFICATION AND
93=FLOW,143=CELT,73=TE,26=STEPMX,27=STEPS/ $$ TABLE DEFINITION

'8
RMASS5=3850,SIMP=2540,FLOW=7.7361935E-5 $$ VEHICLE MASS, ISP, MALS FLOW
P=6.86F6,TR=4259C.2,STEPMX=2C00 $% SEMILATUS-RECTUM, TIME LIMIT, STEP LIMIT
CELT=1500,STEPS=220 $$ INITIAL STEP SIZE, OUTPUT LVERY 20CTH STEP

STABLE,T13=F,717=MA,714=0MEGA/ E=2#5.005194BE-4»P*P/3.983667E148» ECCENTRICITY
MA==-7620.429/SIMP/9.80665-6%F+3,1415926/2,5STEPS=5 $% MEAN ANOMALY,0UTPUT CONTROUL
CMEGA=<-2=E-MA §% ADJUST OMEGA (TO START PATH CN THE X-AXIS)

The dashed lines in figure 3 Show the time historlies of the same trajectory
parameters when initial values of e and M given immediately preceding are
used. The increase in average step size is 15 to 1. To compare the accuracy of
this approximation with the exact case (eo =My = O), the finel time was chosen
when the corresponding orbit positions were identical (when the true anomalies
were equal)., At t = 42,590.2 seconds, the orbit positions are nearly identical,
and, at this time, the values of position and velocity may be compared as fol-
lows:

Case A: Case B:
e0 =My =0 |eg and My #0
Radius, m 6898546, 94 6898546, 94
Velocity, m/sec | 7601.36401 7601. 36407
Number of steps 822 55

For most purposes the two answers would be accepted as equivalent, and
case B would be preferred because less computer time 1s required.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, July 12, 1963
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APPENDIX A

SYMBOLS
K relative angular momentum per unit mass, 7 X V’ (appendix B)
A englne exit area, n?

a1, ] coefficients for quadratic functions
Cp total drag coefficient
CD,i induced drag coefficient

CD,O zero angle-of-attack drag coefficient

Cr, 1ift coefficlent

D drag force, newtons

7] fourth harmonic coefficient in oblateness equations
E eccentrlic anomaly, radians

e eccentricity

F thrust force, newtons

f1,f2  functions of Mach number

gc gravitational conversion factor, 9.80665 m./sec2 (sometimes referred to
as standard Esrth gravity)

H third harmonic coefficient in oblateness equations

h altitude above Earth's surface, m

I vacuum specific impulse, sec

i orbit inclination to mean equator of 1950,0, radians

J gecond harmonic coefficient in oblateness equations

K2 universal gravitational constant, 1.32452139x102°,
ms/(secz)(sun mass units)

L 1ift force, newtons

M mean ancmaly, radians

m object mass, kg
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my mass of i®h perturbating body, sun mass units

avl

My mess of reference body plus m, sun mass units
NM Mach number
P atmospheric pressure, newtons/m2
V' x A (appendix B)
Py power, w
P semilatus rectum, m -~
q dynamic pressure, % p(V')z, newtons/mz
Ry radius of reference body, m
r radius from origin to object, m
ry radius from origin to 1th perturbating body, m
S aerodynamlc reference ares, m®
T temperature, °K
t time, sec
U gravitational potential
Uk,U&,UZ X,¥,% accelerations due to gravity, m/sec2
v absolute velocity, m/sec
v! relative velocity, m/sec
v true anomaly, radians
X forces acting on object other than gravity, thrust, 1ift, drag, and
perturbations due to perturbating bodies
X,¥yZ components of r, m
a angle between thrust and velocity vectors (sketch (a)), deg
¢ angle of rotation of thrust out of orbit plane (sketch (a)), deg
7 power efficiency factor
M kzmr

o] atmospheric density, kg/m3



@ argument of pericenter, radians

Q equatorial longitude of ascending node, radians
Subscript:

0 initial value
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APPENDIX B

VECTOR RESOLUTION
Relative Velocity

The relative velocity is defined as the velocity of the object with respect
to the origin body. If the origin body is assumed to rotate about the z-axis,
this velocity is given by

V'=V-oxr7r (B1)
In x,y,z component form,
-
Ve =V, +ay (B2a)
I
vy o=V, - oax (B2b)
v, =V, (B2c)

In the following sections, the atmgsphere of the origin body is assumed to ro-
tate as a solid body at the rate o»

Thrust Resolution Along X,y,z Axes

e thrust direction is specified with respect to the relative velocity vec-
tor V' by the angles « and B, as shown in sketch (a) (p. 4). For resolufion
of thyust vector into x,y,z components, it 1s convenient to define vectors A
gnd P normal to and within the r,V' plane, respectively, such that V', A, and
P form an orthogonal set. Thus,

XA =7 X V' = relative angular momentum per unit mass (B3)

P=V' x4 (B4)

The thrust vector can then be resolved in the V',K,? set as:

Fe«V = FV' cos a (B5a)
- -
Fe A=FA sin a« sin B (BSDb)
F+ P=FP sin « cos B (BSc)
Solving for F ylelds
F = ﬁ% (V' cos o AXBP +Asina sin p BX V' + P sin a cos B B) (B8)
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or, in x,y,z component form,
F ,
Fx = = [V’ cos a(AyP, - AzPy) + A sin a sin B(PyV} - P,Vy) + P sin a cos B PX]
(B7a
- F 1 1 1 ,
F, == _E-[V cos a(A,Py - AP,) + A sin a sin B(P,Vx - PyV;) + P sin a cos B Pi]
P

(B7n’

b=
™
]

F
= [V’ cos a,(AxPy - Any) + A sin o sin B(PXV& - PyVQ) + P sin a cos B Pé]

(B7c

Aerodynamic Iift and Drag Resolution Along X,y,z Axes

The drag vector D 1is alined with the relative velocity vector V' and is
therefore glven in x,y,z components as
- M 1 ‘V'l
X z
D=-DF—D%-DF (B8

The 1ift vector i mgy be regolved into components along the previously de
fined orthogonal set V', A, and P by the following relations:

L.V =0 (B9e
I-Z=1asinp (Bot
TP =1P cos B (B9c
Solving for T yields
i=£2(Asin;313xV'+PcosBI5) (B1C

P

or, in x,y,z component form,

Ly = ;LE [A sin B(ByVL - P,V}) + P cos B By] (Blle
L .

Iy = [A sin B(P,Vk - PxVi) + P cos B Py ] (B1lb
L

Ly = [A sin B(PVy - ByV}) + P cos B F,] (Blle
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APPENDIX C

TRANSFORMATION EQUATIONS FROM ORBIT ELEMENTS

TO RECTANGULAR COORDINATES

z

]

</

plane
(e)

From spherical trigonometry used in reference to the
in sketch (c), the following relations may be derived for
nates:

x = r(cos R cos u - sin 2 sin u cos
y = r(sin Q cos u + cos 2 sin u cos

r(sin u sin i)

where
- P
=T +ecosv
us O+ vV
and v can be obtained from
cos v = cos E - e
1l - e cos E
and

M=EFE - e sin E

celestial sphere shown
the position coordi-

1)
1)

(C1a)
(C1v)

(Cle)

(C2a)

(ceb)

(C2c)

(C2d)

The velocity components may be obtained by differentiating the position equations

L'I=V=:'@ and I =

using the two-body relations 5
r

= ‘/E e sin v:
P
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where

22

X = - % (N cos 1 sin 2 + Q cos Q)

7= ‘/% (N cos i cos & - Q sin Q)
. M *
= o4f— (N sin i
ERK )

N==e cos o+ cos u

Q=e sinw+ sin u

(C3a)

V(csb)

(C3c)

(C4a)

(C4b)



APPENDIX D

RUNGE-KUTTA AND LOW-ORDER INTEGRATTION
SCHEMES WITH ERROR CONTROL

The Runge-Kutta formula used is of fourth-order accuracy in step size h.
It is of the form

2
XJ =% - X =2 (ky + 2k + 2Kz + Ky) (p1)
1

where

X = a dependent variable

2
XJ = increment in the dependent variable
1

hy = increment in the independent variable t

ky = hoXs(ty,Xy)
. ha K
ko = hoXo tl +—2', Xl + =

. hp kp
A lower-order formula may be found by utilizing the three derivatives at

t =tg, t1, and tp. If hy = t; - to and hp = tp - t1, the following Lagran-
gian interpolation formula gives the derivative at any time to <t < t5:

% = %, (t - t1)(t - t5) (t - tg)(t - %) L (t - to)(t - t7)
hl(hl + hz) - Al hlhz 2 hz(hl + hz)
(D2)
Integration of this equation from tl to 1o vields _
0% 1|k [\, o . hy 1\,
X] =3 EI ——-—-Ez- Xo + ?1-_'[ (hz + Shl)Xl + |2hy + By Xo (D3)
1 1l +— 1 + ==
hy hy
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The difference in the increments over the interval hy between the Runge-Kutta
scheme and the_low-order scheme may be divided by a nominal value of the depend-
ent variable X to obtain the relative error ©&2. Thus,

oy = |—E——L (D4)

The error is expected to vary as approximately the fifth power of h, which
leads to

5

® = Ah (D5a)
(where -A is a suitable coefficient) or in the logarithmic form
log 8 = A' +5 iog h B ‘ (D5b)
where
A" = log A (Dea)

Let it be assumed that A' will vary lineariy with t, the variable of integra-
tion. Then A' at a time corresponding to tz can be found from A" at two
previous points t and tp as

8 -

Af = AL + o (tz - to) ' (D6Db)
end if hz = (t3 - t2) and hp = (3 - 1),
by
A= (8- A (Dee)

and on this basis & would be predicted to be

3
log 85 = A; + 5 log hg (D7)

It is desired that 8z should approximate T, the reference error; therefore,

1
log hgy = & (log T - A%) (D8)

Each dependent variable has an asscciated relative error and would lead to com-
putation of a different step size for each variable; however, the maximum rela-
tive error of all variables may be selected for &, Obviously, lnaccurate pre-
dictions of step size can occur when the maximum relative error shifts from one
variable to another or when any sudden change occurs. When a step size produces

%

\)
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an excessively large error (8 > ®1imit)s, & reduced step size must be used. It
may be obtained from the reference error o as

rs = oxaf} (1085 - 43 (29)

Starting the integration. - The Runge-Kutta scheme is simple to start, since
integration from X, to X, requires no knowledge of X less than Xp.
Since the error contrcl coefficient A has no value at t =0, a prediction of
- the 'second step slze is difficult. To overcome this diffieulty, two equal size
first steps.may be made before checking the error. The A for the first step
may be arbitrarily set equal to the A for the second step so that hz may be
_predicted. The low-order integration scheme equation in this case becomes, with
hp = hy,

z hl L4 r Ld
X o= (X + e + %) — (p10)
1

FPailures. - Should two consecutive predictions of the same step fail to
produce an error B less than 8&jipity & return to the starting procedure will
be made with & third prediction on step size, which 1s no larger than one-hslf
of the second estimate., The step-size control described here will operate stably
with nearly constant error per step only for a well-behaved function. For most
problems 1t will repeat a step occasionally to reduce a large error, and on sharp
corners it will restart. This action is not regarded as objectionable. The ob-
jective is to attain a desired level of accuracy with a minimum total number of
steps,
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VARIABLE

A (700}

Al

A2

ACOEF1

ACOEF2

ACOEF3

AEXIT1 (10)
AEXIT
AK (3)

ALPHA

ALT

AM

AMASS (30}

AMC (3}

AMSQRD

AREALl {10}

AREA
ASYNPT
ATMN
AU

AW [4)

ALl

26

COMMON
LOCATION

c(il)

8(10)
B{1l)
B{12}

8(13)

B(14)

A(103)
B(3)
Al51)
Ala9)

Al4)

B(90)

A(347)

B(87)

B{91l}

Al113)

B(6)
Al7)
A(21)
A{29)
AlS5)

A(35)

APPENDIX E

GLOSSARY OF VARIABLES
DEFINITION
ARRAY CONTAINING THE INITIAL DATA AND THE PROGRAM
CONTROL VARIABLES
ERROR CONTROL PARAMETER DEFINED BY EQ. (D6A) AT T(L)
ERROR CONTROL PARAMETER DEFINED BY EQ. (D6A)} AT T(2)

INTERPOLATION POLYNOMIAL COEFFICIENT FOR VARIABLE
STEP SIZE. EQ. (D3)

INTERPOLATION POLYNOMIAL COEFFICIENT FOR VARIABLE
STEP SIZE, EQ. (D3}

INTERPOLATION POLYNOMIAL COEFFICIENT FOR VARIABLE
STEP SIZEs EQ. (D3)

ENGINE EXIT AREAS FOR AT MOST 10 STAGES, Mes2
AEXITLINSTAGE)
RUNGE KUTTA COEFFICIENTS,SET IN STDATA

ANGLE BETWEEN VELOCITY AND THRUST VECLTORS,SEE SKETCH
(A}

VEHICLE ALTITUDE ABOVE EARTH, M

TOTAL VEHICLE ANGULAR MOMENTUM PER UNIT MASS, Mee2/
SEC

PERMANENT LIST OF BODY MASSES IN ORDER OF PNAME LIST,
SET IN STDATA,MASSES FROM ELIPS DATA BEGIN AT AMASS
{21)y SUN MASS UNITS

XoYs2 COMPONENTS OF ANGULAR MOMENTUM PER UNIT MASS,
#22)/SEC

SQUARE OF TOTAL ANGULAR MOMENTUM PER UNIT MASS,M»el4/
SEC#w2

AERODYNAMIC REFERENCE AREAS FOR AT MOST 10 STAGES,
Men2

AREAL(NSTAGE)

SEE TABLE II

SEE TABLE II

ASTRONOMICAL UNIT.M

RUNGE KUTTA COEFFICIENTS,SET IN STDATA

INITIAL AZIMUTH ANGLE,USED WHEN IMODE = &, SEE SKETCH
{B),DEGREES



B (800)

BETA

BMASS (8)

BNAME (8)

BODYCD (10)

8a0DYL (10}
Cco

CoI

‘CHAMP

CINCL
CIRCUM

cL
CLEAR

COEFN (192}

COMPA (3)

CONSY
CONSTU
COSALF
COSBET
COSTRUY
Casv

D (1100}

DELMAX
DEL

DELT1 (10}
DELTY
DNSITY

DONE

Cfll1l)

A(50)

B(137)

Bl122)
A(143)

B{153)
A{165)
Al163)
B(25)

B(55)
Bl82)

Al(164)
C(3)

A(407)

B(63)

A(31)
Al(32)
B8(48)
B(49)
B{53)
B(57)
C(2111)

Al(l19)
A(43)
A(133)
B(1l)
B{29)

B(39)

ARRAY CONTAINING INTERNAL PARAMETERS NOT UNDER USER
CONTROL

ANGLE BETWEEN VELOCITY-THRUST PLANE AND ORBIT PLANE,
SEE SKETCH{A)

BODY MASSES SELECTED FROM AMASS LIST IN SEQUENCE COR-
RESPONDING TO BNAME LIST

ORDERED LIST OF BCD BODY NAMES

ORIGINAL UNORDERED LIST OF BCD BODY NAMES READ IN AT
INPUT

AUXILIARY ORDERED LIST OF 8CD BODY NAMES
TOTAL ORAG COEFFICIENT
INDUCED DRAG COEFFICIENT

SMALLEST CRITICAL RADIUS (RBCRIT(J)) WITHIN WHICH
0BJECT LIES

COSINE OF INCLINATION

CIRCUMFERENTIAL COMPONENT OF TOTAL PERTURBATIVE AC-
CELERATION,M/SEC#=2

LIFT COEFFICIENT
SEE TABLE 11

STORAGE ARRAY FOR COEFFICIENTS USED TO COMPUTE ALPHA,
CL,CDI,CD OR OTHER PARAMETERS

COMPONENTS OF TOTAL PERTURBATIVE ACCELERATION ALONG X
2 Yl AXES.

SEE TABLE 11

SEE TABLE 11

COGSINE OF ALPHA

COSINE OF BETA

COSINE OF TRU

COSINE OF THE ARGUMENT OF LATITUDE

ARRAY WHERE SAVED DATA IS STORED FOR LATER USE.
ARRAYS A, XPRIM,AND XPRIMB MAY BE SAVED.

SEE TABLE Il

OUTPUT CONTROL PARAMETER USED IN STEP
INITIAL STEP SIZES FOR AT MOST 10 STAGES,SEC
DELTL{NSTAGE)

ATMOSPHERIC DENSITY,KG/M#+3

CONTROL PARAMETER FROM STEP WHICH INFORMS NBODY TO
STOP INTEGRATING
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DRAG (3)

DTOFFJ
E2

EFMRS (T)

ELEV

ELIPS (12,10}

EMONE
END

EPAR

EREF
ERLIMT
ERLOG

ETOL

EXITA
EXMODE
FILE

FLOWL (10)
FLOW

FORCE (3)
GASFAC
GEOH

GK2M

GKM

H2

180DY (8)
1cc (10)
IDENT (10)

1MODE
IND (3)

INDERR

28

Bl69)

Al23)
8(18)

8(130)

Al36)

AlLL6T)

8(28)
A(5)
B(26)
A{13)
All4)
B(17)
A(30)}
8{392)
B(27)
B(22)
A(83)
B(5)
Bl{66)
A{46)
B{32)
Bl3e6}

B3N

B(15)

B(1LTT)
A(153)
Al123)

All)
Al60)
B(51)

XeYys2 COMPONENTS OF THE DRAG ACCELERATION,M/SECe=#2

JULIAN DATE OF TAKEOFF

LARGEST OF THE RELATIVE ERRORS BETWEEN R-K AND LOW-

ORDER INTEGRATION METHODS,EQ. (D4)

LIST OF BCD BODY NAMES WHDSE POSITIONS ARE TO BE DE-

TERMINED FROM TAPE DATA

INITIAL ELEVATION ANGLE,USED WHEN IMODE=4,
DEGREES

SKETCH{B),

ELLIPSE DATA FOR PERTURBATING BODIES,READ FROM CARODS,

12 PIECES OF DATA PER BODY
ECCENTRICITY -1

SEE TABLE II

SQUARE ROOT OF (ECCENTRICITY SQUARED -1)
SEE TABLE I1I

SEE TABLE II

NATURAL LOGARITHM OF EREF

SEE TABLE 11 v

AEXIT(NSTAGE) /100, NEWTONS/MB
ECCENTRICITY CALCULATED WHEN IMODE=3

SEE TABLE II

RATE OF PROPELLENT FLOW, KG/SEC

FLOWL{NSTAGE)

X9Ye2 COMPONENTS OF THRUST ACCELERATION, M/SEC»#s#2

DEFINED IN SUBROUTINE AERO, SET IN STDATA

GEOPOTENTIAL, M

GRAVITATIONAL CONSTANT,MU,OF THE SYSTEM,M#e3/SECes2

SQUARE ROOT OF GK2M
VALUE OF DELT FOR PREVIOUS STEP
DEFINED IN SUBROUTINE ORDER

SEE TABLE 11

INPUT IDENTIFICATION NUMBERS ASSOCIATED WITH EACH

STAGE
SEE TABLE II
SET OF INDICES, SET IN STDATA

NUMBER OF SETS OF ERROR DATA, SET IN ERRORZ FOR USE

IN NBODY



INLOOK

KsSus

EAT
LONG

LOOKX
LOOKSHW

LSTAGE

MBODYS
MODOUT
NBOODYS
NCASES
NCASE

NEFMRS (8)

NEQ

NSAVE

NSTAGE

NSTART
OBLATJ
OBLATD
OBLATH
OBLATN
OBLAT (3)
OLDDEL
ORBELS (6)

auTeOoT

P (3)

Al599)

8{19}

A{33)
A(34)

A(8)
A(9)
A(38)

B(42)
A(20)
B8l4l)
A(600)
cil)

B(185)
Al2)

Cl4)

A(3)

B{24)
Al26)
A(27)
A(28)
Al40)
8(75)
B{9)
8(116)

8(399)
B84}

INPUT IDENTIFICATION NUMBER FOR INPUT AFTER FINDING C
(LOOKX) = XLOOK :

INDEX OF RUNGE-KUTTA SUBINTERVALS

INITIAL GEOCENTRIC LATITUDE, USED WHEN IMODE=4, SKETCH
{6), DEGREES

INITIAL LONGITUDE RELATIVE TO GREENWICH, USED WHEN
IMODE=4, SKETCH(B), DEGREES

SEE TABLE II
SEE TABLE II

TOTAL NUMBER OF STAGES INTEGRATED BEFORE RETURNING TO
THE MAIN PROGRAM

NUMBER Of PERTURBATING BODIES {NBODYS-1)

SEE TABLE I1I

TOTAL NUMBER OF BODIES, EXCLUDING THE VEHICLE
SAVED VALUE OF NCASE

CASE NUMBER, RAISED ONCE EACH TIME CONTROL PASSES
THROUGH THE MAIN PROGRAM

DEFINED IN SUBROUTINE ORDER

NUMBER OF EQUATIONS TO BE INTEGRATED, SET TO 8 IN
STDATA

SEE TABLE II

THE INDEX INDICATING THE PARTICULAR STAGE CURRENTLY
BEING INTEGRATED

INTERNAL CONTROL IN NBGDY AND EQUATE

OBLATENESS COEFFICIENT OF SECOND HARMUNIC

OBLATENESS COEFFICIENT OF FOURTH HARMONIC

OBLATENESS COEFFICIENT OF THIRD HARMONIC

SEE TABLE I1

XoeY¥sZ COMPONENTS OF OBLATENESS ACCELERATION, M/SECes?2
VALUE OF DELT FOR PREVIOUS GODO3D STEP

ARRAY OF QUTPUT VARIABLES,EITHER RECTANGULAR OR CRBIT
ELEMENTS

CAUSES ABSENCE OF QUTPUT WHEN NONZERD
DEFINED IN EQ. (B&)
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PAR {3)
PMAGN

PNAME {30)

PRESS
PS1

PSIR

PUSH

PUSHO

Q

QMAX

Qx t3)

R (8)

RADIAL

RAMC (5)

RATM

RATMOS

RATIO

RB (3,8)

RBCRIT (8)

RCRIT (30)

RE

RECALL

REFER (30}

RESQRD

RETURN

30

B(60)
B(50)

Al287)

B(33)
B(30)

B1398)

Al166)

BI391)

B(59)

B(44)

B(78)

B{102}

8(81)

8(393)

A{22)

8(23)

B(58)

8(193)

B8(145)

A(377)

A(25)

Cis)
A{317)

B(7)
8(400)

DEFINED BY EQUATIONS IN SUBROUTINE THRUST
DEFINED IN EQUATION FORM BY SUBROUTINE THRUST

PERMANENT LIST OF BODY NAMES MADE FROM PNAA LIST IN
SUBROUTINE ORDER, ELIPS NAMES BEGIN AT PNAME(21)

ATMOSPHERIC PRESSURE, MB

PATH ANGLE, ANGLE BETWEEN PATH AND LOCAL HORIZONTAL,
DEGREES

RELATIVE PATH ANGLE, TAKEN RELATIVE TO A ROTATING
ORIGIN BODY, DEG

THRUST FORCE, NEWTONS

VACUUM THRUST FORCE, NEWTONS

DYNAMIC PRESSURE, NEWTONS/Mes2

MAXIMUM VALUE OF Q DEVELOPED DURING A SINGLE TRAJEC-
TORY (SET TO ZERC WHEN CONTROL PASSES THROUGH SUB-
ROUTINE EXTRA)

X»Y,2Z COMPONENTS OF PERTURBATIVE ACCELERATIUN DUE T0
PERTURBATING BODIES, M/SECss2

DISTANCES OF ALL BODIES FROM OBJECY, IN ORDER OF
BNAME LIST, M

RADIAL COMPONENT OF TOTAL PERTURBATIVE ACCELERATION,
POSITIVE OUTWARD, M/SECw==2

RELATIVE ANGULAR MOMENTUM PER UNIT MAS3 COMPDNENTS,
TOTAL RELATIVE ANGULAR MOMENTUM PER UNIT MASS, AND
ITS SQUARE, M=#2/SEC

RADIUS OF ATMOSPHERE.M

SET EQUAL TO RATM WHEN ATMN EQUALS THE REFERENCE 8O0DY
NAME, BNAME(1)

RATIO OF ADJACENT STEP SIZES, DELY

XsYs2 COMPONENTS OF DISTANCE FROM ALL BODIES TO THE
OBJECT .M

LIST OF SPHERE-OF-INFLUENCE RADII OF ALL BODIES IN
BNAME LIST, M

PERMANENT LIST OF SPHERE-OF-INFLUENCE i.ADI1 CORRES-
PONDING TO PNAME LIST OF BODY NAMES. RADII FROM ELIPS
DATA BEGIN AT RCRIT(21), M

RADIUS OF EARTH EQUATOR, M

SEE TABLE II

LIST OF REFERENCE BODIES CORRESPONDING TO PNAME LIST,

REFERENCE BODIES FROM ELIPS DATA BEGIN AT REFER(21)
SQUARE OF RE

CAUSES CONTROL NOT TO RETURN TO MAIN PROG. IF NONZERO



REVS Al48) REVOLUTION COUNTER, USED ONLY FOR OUTPUT

REVOLYV 8(21) ROTATION RATE OF REFERENCE BODY WHEN ATMN=BNAME(1l),
RAD/SEC

RMASS1 (10) A(73) INITIAL MASSES FOR AT MOST 10 STAGES.KG

ROTATE A{39) ROTATION RATE OF A REFERENCE BODY, RAD/SEC

RSQRD B(45) RADIUS SQUARED OF OBJECT TO DRIGIN, Mes2

SIGNAL Bt31l) SEE TABLE II

SIMP1 (10) Al93) SPECIFIC IMPULSES FOR AT MOST 10 STAGES, SEC

SIMP B(2) SIMPLINSTAGE)

SINALF B(a6) SINE OF ALPHA

SINBET B{47} SINE OF BETA

SINTRU B(52) SINE OF TRU

SINCL B{54) SINE OF INCLINATION

SINV B{56) SINE OF THE ARGUMENT OF LATITUDE

SPACES Bi16) NUMBER OF EQUAL TIME UNITS UNTIL NEXT QUTPUT

SPD Al44) SECONDS PER DAY, SET IN STDATA, SEC/DAY

SQRDK1 Al4T) GRAVITATIONAL CONSTANT OF THE SUN, AU#s3/DAY®#?2

SQRDK B(35) GRAVITATIONAL CONSTANT OF THE SUN, Mae3/SEC#a2

STEPNX Atlé6) SEE TABLE II

STEPS All7) SEE TABLE Il

STEPGO Af4l) COUNT OF SUCCESSFUL INTEGRATION STEPS

STEPNO Al42) COUNT OF UNSUCCESSFUL INTEGRATION STEPS (THOSE WHICH
DO NOT PASS ERROR CONTROL TEST)

SWLOOK A{l10) SEE TABLE I1

TABLT 8(20) TIME MEASURED RELATIVE TO THE JULIAN DATE OF TAKEOFF,
DAYS

TABLE {200) C(1911) ARRAY OF INPUT PARAMETERS AND THEIR COMMON STORE LO-
CATIONS

TAPE3 c(2) SEE TABLE 1I

8 (10} Al63) FLIGHT TIMES FOR AT MOST 10 STAGES, SEC
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TDATA (6,43,7)

TDEL (7}

TFILE
TIM (7)

TKICK

™

TMAX
TMIN
TOFFY
TRSFER
TRU
TTEST

TT0L

U
¥
VATM {3)

VEFM (3,8)

VEL

VMACH
vQ
YQSQRD
VSQRD
VX

vy

vz

X (100)

ADOT (100}

32

B(265)

B(LT0)

Als)

B(163)

A(l5)

Bl 34)

Bl4)
All8}
Al24)
B(8)
B(40)
Al54)

Al45)

A(59)
B(95)
B(97}

B(241)

A(37)

B(38)
8(100)
8{101)
896}
Bi{92)
B(93)
B(94)
B{401)
B(501)

COEFFICIENTS FROM EPHEMERIODES TAPE TO BE USED IN DE-
TERMINING POSITIONS AND POSSIBLY VELOCITIES OF PER-
TURBATING BODIES, ONE SET FOR EACH OF 7 BODIES
ONE-HALF OF TIME SPACING BETWEEN TwWwO ADJACENT ENTRIES
OF LIKE BODY NAME ON EPHEMERIDES TAPE, READ FROM

TAPE FOR EACH 80DY

SEE TABLE 11

TIME FOR SET OF EPHEMERIS DATA, READ FROM EPHEMERIDES
TAPE, ONE FOR EACH BODY

INITIAL STEP SIZE OF A TRAJECTORY TO BE COMPUTED IN
CLOSED-FORM, FOR USE WHEN IMODE=4, WHICH FACILITATES
STARTING OF SOME TYPES OF TRAJECTORIES

ATMOSPHERIC TEMPERATURE TIMES THE RATIO OF MOLECULAR
TO ACTUAL MOLECULAR WEIGHT, DEGREES KELVIN

SEE TABLE II

SEE TABLE II

FRACTIONAL PART OF JULIAN DATE OF TAKEOFF, DAYS
SEE TABLE 1I

TRUE ANOMALY, RAD

SEE TABLE II

TIME TOLERANCE WITHIN WHICH PROBLEM TIME MINUS TMAX
MUST LIE TO END STAGE

ECCENTRIC ANOMALY, RAD
VELOCITY OF OBJECT RELATIVE TO THE ORIGIN, M/SEC
XsYyl COMPONENTS OF THE RELATIVE VELOCITY, VQ,M/SEC

XyY¢2 COMPONENTS OF OBJECT VELOCITY RELATIVE TO ALL
BODIES, M/SEC

INITIAL RELATIVE VELOCITY, USED WHEN IMODE=4, SKETCH
{B), M/SEC

MACH NUMBER OF 0OBJECT

VELOCITY OF OBJECT RELATIVE TO ATMOSPHERE, M/SEC
SQUARE OF VQ, M##2/SECe#2

SQUARE OF V, M#a2/SEC»s#2

X COMPONENT OF VELOCITY, M/SEC

Y COMPONENT OF VELOCITY, M/SEC

Z COMPONENT OF VELOCITY, M/SEC

WORKING SET OF INTEGRATION VARIABLES

TIME DERIVATIVES OF THE SET X



XIFT (3)
XINC (100)
ALOOK

XP (3,8)

XPRIM 1[100,2)

XPRIMB (100,2)

XT0L

XWHOLE (6)

ZIN

ZORMAL

BlL7T2)
B{601)
Al(l2)
B(211)

C(711)

c{91l)

Alll)

Bll110}

B{43)

Bi{83)

XyYyZ COMPONENTS OF LIFT ACCELERATION, M/SEC=e#2
INCREMENTS OF THE INTEGRATION VARIABLES PER STEP
SEE TABLE I!

XeYyZ COMPONENTS OF PERTURBATING BODY POSITIONS RELA-
TIVE TO ORIGIN

TWwO 100-ELEMENT SETS, THE FIRST SET CUTAINS VALUES
OF THE INTEGRATION VARIABLES AT THE PREVIOUS GOOD
STEP, THE SECOND SET IS UNDER THE INTEGRATION PROCESS,
SEE TABLE V

LEAST SIGNIFICANT HALF OF DOUBLE PRECISION INTEGRA-
TION VARIABLES XPRIM

TOLERANCE ON THE DISCIMINATION C{LOOKX)-XLOOK TQO BE
SATISFIED

RECTANGULAR CODRDINATES AND VELOCITIES, SET ASIDE FOR
USE IN ORIGIN TRANSLATIONS

MEAN ANGULAR MOTION OF OBJECT, RAD/SEC

Z COMPONENT OF TOTAL PERTURBATIVE ACCELERATION,
M/SECn=2
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APPENDIX F

LEWIS RESEARCE CENTER EPHEMERIS
General Description

The ephemeris data initially available on magnetic tape were from the Themis
code prepared by the Livermore Laboratory, evidently from U.3. Naval Observatory
data. Later, an ephemeris was obtalned from the Jet Propulsion Laboratory assem-
bled as a jolnt project of the Jet Propulsion Laboratory and the Space Technology
Leboratory. These data are given relative to the mean vernal equinox and equator
of 1950.0 and are tabulated with ephemeris time as the argument.

An ephemeris was desired for certain uses in connection with the IBM 7030
computer that would be shorter than the original ephemeris tapes mentioned and
would be as accurate as possible consistent with the length. A short investiga-
tion of the various possibilities led to adoption of fitted equations. In par-
ticular, fifth-order polynomials were simultaneously fitted to the position and
velocities of a body at three points. Thils procedure provides continuity of po-
sition and velocity from one fit to the next, because the exterlor points are
common to adjacent fits. Polynomials were selected rather than another type of
function, because they are easy to evaluate. Three separate polynomials are used
for the x, y, and z coordinates, respectively.

Procedure Used to Fit Data
The process of computing the fitting equations is as follows:

(1) A group of 50 sets of the components of planetary position was read
into the machine memory for a single planet together with differences as they
existed on the original magnetic tape. The differences were verified by compu-
tation (in double precision because some data required it); and any errors were
investigated, corrected, and verified. Published ephemeris data were adequate
to correct all errors found.

(2) The components of velocity vy, Vy, and Vv, were computed and stored
in the memory for each of the 50 positions by means of a numerical differentia-
tion formula using ninth differences; namely,

Tl -1 2 12 60
AVII j + AVII,; AIX y + ATXy
- 280 + 1260 (F1)

(See ref. 11, pp. 42 and 99 for notation.) Double-precision arithmetic was used
for differences, but velocities were tabulated with single precision.
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(3) Coefficients C, D, E, and F in the fifth-order polynomial

X = Xy + X(T = Tg) + C(T - Tp)® + D(T - Tp)> + B(T - T)* + F(T - Ty)° (F2)
and its derivative
X = Xy + 2C(T - Tg) + 3D(T -~ To)? + 4E(T - Ty)2 + 5F(T - Ty)* (F3)

were found to fit a first point (which was far enough from the beginning polnt

to have all differences computed) and two equally spaced points for each compo-
nent of position and velocity. (The initial spacing is not important, as will be
seen later.) Spacing is defined as the number of original data points fitted by
one equation. Single-precision arithmetic was used.

(4) The coefficients C, D, E, and F 1in step (3) were then used in equa-
tions (F2) and (F3) to calculate components of all positions and velocities given
in the original data and lying within the interval fitted. These values were
checked with the original data. Radius R and velocity V were computed at the
times tabulated in the original. data. If any component of the position differed
from the original data by more than R<10-7 or if any velocity differed from the
original by more than VXlO'G, the fit was conslidered unsatisfactory.

(5) If the fit was cousidered unsatisfactory, this fact was recorded, and
the spacing was reduced by two data points. ©Steps 2 to 4 were then repeated. If
the fit was considered satisfactory, this fact was recorded, and the spacing was
increased by two spaces. Steps 2 to 4 were repeated. The largest satisfactory
fit was identified when a certain spacing was satisfactory and the next larger
fit was not satisfactory.

(6) The coefficients that corresponded to the largest satisfactory fit were
recorded on tape 1in binary mode as follows:

Word Data Mode Definitions and/or units
number

1 Planet name BCD 8ix characters {first six)

2 Jullan date|Floating pointiDate of midpoint of fit, Julian date
3 Delta T Number of days on each_side of midpoint
4 Fy 2AU/dayS
5 Ex 2AU/day*
6 Dy | 2AU/day?3
7 Cx aAU/day?
8 b4 24U/day
9 b4 aAU/ 5

10 F aAU/day

11 £ aAy/dayt

12 Dy aAU/day3

13 oy . a57/day?

14 ¥ a5U/day

15 ¥y aAU

16 F, aAU/day

17 E, AU/ /day4

18 D, 2AU/day3

19 Cy aAU/day?

20 2 45U/ day

21 z apu

2Except for Moon data, which are in Earth radii and days.
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(7) As soon as a set of coefficients was selected for an interval, addi-
tional data were read from the source ephemeris tape and used to replace the
points already fitted (except the last point). These data were processed as de-
scribed in steps 1 and 2 so that the next 50 points were ready to be fitted.
Steps 3 to 6 were then used to find the next set of coefficients, and steps 1
to 6 were repeated until all data for all planets were fitted.

Data Treated

The preceding process was applied to all data availlable at the time. For
the Moon, the technique usually led to the use of every point in the fitted in-
terval (i.e., only three points were fitted)., Thus, a check of accuracy was not
available. The error in the attempt to fit the next greater interval (five
points) was not excessive, however, and 1t is judged that the accuracy obtained
from these fits 1s about equal to that held on the other bodies.

Merged Ephemeris Tape

Once all the positions and velocities of all the bodies then avallable were
fitted, the coefficients were merged in order of the starting date of each fit.
The resulting tape was written in binary mode with 12 sets of fits per record.

The detall of this record 1s as follows:

1st word: FORTRAN compatible
2nd word: file number, fixed point in decrement

¢ 3rd word: planet name, code in BCD, first six characters
4th word: Julian date, floating point

Set 1 { - etcs , according to list in paragraph 6

- 21 words

\, 23rd word: =z

(" 24th word: planet name, code in BCD, first six characters
25th word: Julian date, floating point

Set 2 1\ -
44th word: =z

Succesgive sets follow one another with a total of 12 sets.

Set 12 234th word: planet name

(last set) 235th word: Julian date, floating point
254th word: =z
End-of-record gap

One record contains 254 words, the first is for FORTRAN compatibility, the second
is a file number used for identification in the system. It is a fixed point Z.

The third 1s the beginning of the first set of data, and 12 sets follow each with
21 words. The last word is the 254th word (counting the FORTRAN compatible word)
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followed by an end-of-record gap. The remaining records are compiled in the sdme
manner with an end-of-file recorded as a terminating mark.

Because of the merging operation, all bodies are given in one list in a
random order according to the starting date of the interval. The starting date
is the Julian day (word 2) minus the half interval (word 3) (see procedure, par-
agraph 6). The entire ephemeris occupies about one-seventh reel of tape. A
summary of data is given in table VII.
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APPENDIX G

INPUT-DATA REQUIREMENTS

The procedure needed to run actual problems with the aid of this routine 1s
described herein. It is intended toc permit the user with a specific problem in
mind to make a complete list of data regquired and to select desirable operating
alternatives from those available. The details of this procedure are contained
in the following instructions:

(1) Provision has been made for two types of ephemeris data to specify the
locations of celestisl bodies that perturb the vehicle. They are elllipse data
and ephemeris-tape data. If the problem does not involve perturbing bodies (ex-
cept a reference body) or if elliptic data are used for all the perturbing
bodies, skip to instruction 5.

(2) If the perturbing-body data are to be taken from an ephemeris tape, list
the names of the ephemerides and Julian dates to be covered along with the fol-
lowing auxiliary information:

1st card: $DATA = 300, $TABLE, 2 = TAPE 3, 17 = ELIST, 28 = TBEGIN,
30 = TEND/

Other cards: TAPE 3 =
TBEGIN = ephemeris beginning Julian date
TEND = ephemeris ending Julian date

ELIST = (names of perturbing bodies in "ALF" format, see
example in text)

The ephemerides of all planets except Earth bear the name of the planet. The
ephemeris giving the distance from Earth to the Sun is called "sun," as is
astronomical practice,

(3) If successive files on the ephemeris tape are to be made, punch the
corresponding §ets as follows:

$DATA = 300, TAPE 3 = 0, TBEGIN = , TEND = , ELIST =
As many similar sets as are needed may be appended.

(4) If ellipse data are to be loaded from cards, they are prepared later
under instruction 1l1.

(5) On the first execution after loading the routine, the common area is
cleared whether an ephemeris tape is constructed or not. It is now necessary to
load a table of variable names. Once loaded, thils table will not be cleared
again (except if the control variable TAPE 3 is set equal to zero)., These names
are for use on the input cards. If a different name is desirable for any
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variable, it may be changed in the table and where it appears on the input card
(ref. 7). The cards are:

4DATA=1,,TABLE, 33=DTOFFJ, 34=TOFFT, 711=TIME, 716=X, 717=Y, 71&=Z,
713=VX, 714=VY, 715=VZ, 11.=IMODE, 713=E, 714=0MEGA, 715=NODES,
716=INCL, 717=MA, 718=P, 43=LAT, 44=LONG, 45=AZI, 46=ELEV, 14=ALT,
47=VEL, 16=TFILE, 28=TMIN, 153=BODYCD, 177=ELIPS, 30.=MODOUT,

© 07=STEPS, 29=DELMAX, 26=STEPMX, 23=EREF, 24=ERLIMT, 4.=NSAVE,
5-RECALL, 3=CLEAR, 18.=LOOKX, 22=XLOOK, 19.=LOOKSW, 20=SWLOOK,
809.=INLOOK, 15=END, 31=ATMN, 32=RATM, 49=ROTATE, 417=COEFN,
163.=ICC, 60=BETA, 50=0BLATN, 73=TB, 93=FLOW, 103=SIMP, 123=AREA,
143=DELT, &3=RMASS, 113=AEXIT, 133.=IDENT, 48.=LSTAGE, 25=TKICK /

(6) The initial position and velocity of the vehicle may be given in any one
of the three coordinate systems. If the inltial data are given in orbit ele-
ments, skip to instruction (8). If the initial data are given in rectangular co-
ordinates, skip to instruction (7). If the initial data are given in Earth-
centered spherical coordinates, the following variables should be punched:

LAT = latitude, deg, positive north of equator

LONG = longitude, relative to Greenwich, deg

ALT = altitude above sea level, m

AZT

azimuth angle, east from north, deg
ELEV = elevation angle, horizontal to path, deg
VEL = initial relative velocity, m/sec

TKICK = size of initial vertical, nondrag step to facilitate starting,
sec

If the Earth is assumed to be rotating but aerodynamic forces are not
to be considered, set
ROTATE = Earth rotation rate, 7.29211585X107° radian/sec

If integration in rectangular coordinates is desired set

IMODE = 4
or else if integration in orbit elements is desired set

IMODE = -4
Skip to instruction (9).

(7) If the initial data are in rectangular coordinates, set the following
variables:

X

x-component of position in x,y,z coordinate system, m

Y

y-component of position in x,y,z coordinate system, m
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Z = z-component of position in x,y,z coordinate system, m

VX = x-component of velocity in x,y,z coordlinate system, m/sec
VI = y-component of velocity in x,y,z coordinate system, m/sec
VZ = z-component of velocity in x,y,z coordinate system, m/sec
If integration in rectangular coordinates is desired set

IMODE = 2

or else, if integration in orbit elemente is desired set

IMODE = -2

Skip to instruction (9).
(8) If the initial data are in orbit elements, set the following variables:
E = eccentricity
OMECGA = argument of pericenter, radians

NODES = longitude of ascending node (to mean vernal eguinox of 1950.0),
radians

INCL = orbit inclination to mean eguator of 1950.0, radians
MA = mean anomaly, radians
P = semilatus rectum, m
If integration in orbit elements is desired set
IMODE = 1
or else, if integration in rectangular coordinates is desired set
IMODE = -1
(9) To specify takeoff time, set the following variables:
DTCFFJ = Jullan day number
TOFFT = fraction of day
TIME = time from previously set Julian date, sec
Takeoff occurs at the instant (ephemeris time) corresponding to the sum of the

last three quantities. If a specific date or time is not required, these vari-
ables may be skipped. In that case, the SUBROUTINE STDATA sets DTOFFJ to

2440 000,
(10) To specify the origin and any perturbing bodies, list them as BODYCD =

(list of body names in "ALF" format, see text example). The first body in the
list is taken to be the reference body. The distances between the bodies in
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this list must be computable from either ellipse data (instruction (11)) or
ephemeris-tape data (instruction (2)). There may be no more than eight names in
the 1list. Also, if the ephemeris tape is being used, the correct file nmust be
found on it. TFor this purpose, set TFILE = desired ephemeris-tape file. The
ephemeris files were numbered in sequence when written in instruction (2). 1If
_TFILE is not given, it will be set equal to 1.0 by the SUBROUTINE STDATA.

(11) For each body whose path is represented by an ellipse, a l2-element
set of data must be loaded. A l2-element set consists of:

1. Body name in "ALF" format (maximum of six characters)

2. Reference body name in "ALF" format (maximum of six characters)
3, Mass of body, sun mass units

4. Radius of sphere of influence,Am

5. Semilatus rectum, AU

6. Eccentricity

7., Argument of pericenter, radians

8. Longitude of ascending node (to mean vernal equinox of 1950.0),
- radians

9. Orbit inclination (to mean equator of 1950.0), radians
10. Julian day at perihelion
11. Fraction of day at perihelion
12, Period, mean solar days

It is convenient to punch a l2-element set in sequence and to separate the ele-
ments by commas on as many cards as are requlred. Several sets may then be
loaded consecutively. The order of the sets i1s immaterial. ZEllipse data, if
present, take precedence over ephemeris-tape data. The sets are loaded consecu-
tively, in any order, as follows: . :

ELIPS = set 1, set 2, set 3, . . ., set nj n < 10 (see example in appen-
dix I)

(12) If oblateness effects of the Earth are to be included, set
OBLATN = (ALFS5)EARTH
(13) Provision has been made to fly multistage vehicles with up to
10 stages. At least one stage must be loaded. There are eight parameters for

each stage with provision for input-controlled modifications of other variables.
The 10 values of each parameter are stored in an array correspending to the
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10 stages. Input cards are as follows: -

TB = burning time for lst stage, 2nd stage, etc., sec

FLOW = propellant flow rate for 1lst stage, 2nd stage, etc., kg/sec

SIMP

vacuum specific impulse of lst stage, 2nd stage, etc., sec

ARFA = aerodynamic reference area of lst stage, 2nd stage, etc., m®

AEXIT = engine exit area for lst stage, 2nd stage, etc., m?

RMASS = initial mass or jettison mass for lst stage, 2Znd stage, etc.,

kg

DELT = initial integration step size for lst .stage, 2nd stage, etc.,
sec

IDENT = input identification number lst stage, 2nd stage, etc.
TB must be loaded for as many stages as are to be flown. Others may be omitted
if zero is appropriate. If RMASS(i) is not positive, the ith stage begins with
the final mass of the previous stage reduced by the fixed amount BMASS(i). In
the case of DELT, zero will result in use of TB/100. IDENT of & nonzero value
will cause any data cards of that identification number to be read in after the
stage is set up and before integration begins. This permits the user to make
almost any change desired. The order of data cards is discussed in Instruc-
tion (24).

(14) The thrust orientation must be specified by setting

BETA = angle B, deg (see sketch (a) (p. 4))

COEFN (I) = angle-of-attack schedule, o = a(t) (see instruction (18))

ICC = fixed-point integer (see instruction (16))

For the speclal case of tangential thrust, none of the last three variables need
be set. :

(15) If aerodynamic forces are present, set in addition to AREA in instruc-

tion (13):

ATMN = name of body that has atmosphere, in "ALF" format, (Earth)
RA™ = radius above which atmospheric forces are not to be considered,
m

ROTATE = atmospheric-rotation rate, radians/sec (7.29211585X10'5 for
Earth)

BETA = angle B, deg (see sketch (a))
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COEFN' (I) = angle-of-attack schedule, o = a(t), Cr/sin a, Cp,0, and
Ch i/CE curves (see instruction (16))
2

ICC = fixed-point integers (see instruction (16))
(16) If neither thrust nor aerodynamic forces are present, skip to instruc-
tion (18). The relations af(t), CL/sin a, Cp or and Cp i/CE are assumed to be
; s

quadratic functions that involve coefficients, which are located in the COEFN(J)
array. The arrangement of these coefficients is best explained by an example.
Suppose the function «(t) is as follows:

L etc. etc.

The coefficients a should then be loaded into the COEFN(J) array as:

1,3
COEFN(J) = t1,811,812,813, b2,821 1822823, 83,831,852, 8532 80 + -+ oty

Furthermore, additional sets of coefficients for the other functions may simply
be added to the COEFN(J) array, which results in a string of sets of coeffi-
cients, and can be represented, for example, as:

COEFN(J)

]

a coefficients, Cp/sin a coefficients, Cp,o coefficients, etec.

tl,all,&lz, . o "tn’NM,l’bll’blZ’ y . "l%d)k’ etc.

The starting point in the COEFN(J) array of each function must also be loaded to
identify the correct region of coefficients. To this end, the following array
must also be loaded:

ICC(1l) = fixed-point value of J where a coefficients begin

ICC(2) = fixed-point value of J where CL/sin o} éoefficients begin
ICC(3) = fixed-point value of J where CD,i/CE coefficients begin
ICC(4) = fixed-point value of J where CD,O coefficients begin

For this purpose, all values in the COEFN(J) array are called coefficients (i.e.,
the t's and the MNy's are coefficients). The sequence of the sets is arbi-
trary, since changing the sequence requires only a change in the ICC(I) array.
(See appendix I for Example IT, the lunar orbiting probe. )
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(17) The size of the integration steps is determined primarily by the error
control varlables., These are loaded as: )

EREF = error reference value; © in appendix D

ERLIMT = maximum value of & that 1s acceptable on any particular step
EREF is always treated as a positive number; however, if it is loaded with a
minus sign, this will cause error information to be printed at the completion of
the problem. If no error control data is loaded, SUBROUTINE STDATA will set
EREF = 1x10-6, ERLIMT = 3x10-6,

(18) The output control offers a cholce on the frequency of output data as
follows:

If MODOUT = 1, output will occur every nth step (n = STEPS) until
t = TIN, and then MODOUT is set equal to 2 by the program

If MODOUT = 2, output occurs at equal time intervals of DEIMAX until
t = TMAX

If MODOUT = 3, output occurs at equal time intervals of DEIMAX until
t = TMIN, then MODOUT is set equal to 4 by the program

If MODOUT = 4, output occurs every n*B step (n = STEPS) until
t = TMAX

STEPMX = maximum step limit before problem 1s completed

DEIMAX = time interval between outputs

STEPS = number of steps between outputs

T™MIN = time when MODOUT changes
Note that output control may, at times, strongly influence the integration step
size especlally if MODOUT is 2 or 3 and DELMAX 1s small. STDATA will put
MODOUT = 4 and STEPS = 1.

Note that TMAX = time at start of a stage, plus the stage time, TR(NSTAGE), and
is computed internally.

(19) Provision has been made to interrupt the integration procedure when an
arbitrary value of an arbitrary parameter is attained. By interrupt it is meant
that an output will occur at this point, input is permissible, and a decision is
made whether to continue the stage, terminate the stage, or terminate the flight.
Skip to instruction (20) if this facility is not desired. To cause an Interrupt,
set

LOOKX = COMMON C location of arbitrary parameter
XLOOK = value of C(LOOKX) where an interrupt is desired
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INI.OOK = input identification number for interrupt

END = a negative number if flight should be terminated, zero if stage
should continue, or a positive number if stage should be terminated

If the interrupt is not desired the first time C(LOOKX) = XLOOK, set
LOOKSW = COMMON C location of a second arbitrary parameter

SWLOOK = value of C(LOOKSW), which must be equaled or exceeded before
an interrupt may occur (interrupt occurs if C(LOOKX) = XLOOK and
C(LOOKSW) > SWLOOK)

Tvpically, time may be the second arbitrary parameter; thus, STDATA sets
LOOKSW = 711, the COMMON location of time. INLOOK of a nonzero value will cause
any data cards of that identification number to be read-in prior to the interro-
gation of END. The order of the cards is discussed in instruction (24).

- (20) Provision has been made to save a block of initial conditions and pro-
gram control parameters prior to the integration of the n®h stage. This allows
the flight to be flown again from the n®h stage onward with prescribed altera-
tions. Skip to instruction (21) if this facility is not desired. To save the
program control varisble array, A, and the integration variable array,

XPRIM + XPRIMB, just prior to integration of the nth stage, set

NSAVE = the number of the n®B stage

The saved data, stored in the D array, will be returned to the A and
XPRIM 4+ XPRIMB arrays after the flight is completed if

RECALL = any nonzero number

It is intended that changes in the succeeding flight will be made at the main
input station ($DATA=1). NSAVE and RECALL are not contained in the array A
and are therefore unaffected by the save-recall sequence., The correct sequence
of these controls is not always simple and an understanding of the main program
and input stationing is quite desirable.

(21) If the standard set of data contained in the SUBROUTINE STDATA is not
desired, set :

CLEAR = any nonzero number
It is intended that this control shall be set nonzero by the $DATA = 99 input
station at the beginning of the wmain program. It is not affected by the save-

recall sequencing explained in instruction (20).

(22) If the number of stages to be flown is not equal to the number of con-
secutive nonzero flight times, TB, set

LSTAGE = number of last stage to be flown
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(23) When a transfer of origin occurs, provislon has been made to read input

into the program.

data statements desired.

This is done with the aid of $DATA = 101, followed by the

(24) The sequencing of the input cards is not always simple and no rigid
Inspection of the program may be necessary to answer

rules may be written downe.

some questions. 7
$DATA = 300 group if an ephemerides tape 1s required.
$DATA = 1 group, waich consists of the main input for a single flight.

by the

However, in general, the first input cards belong to the
This group is followed

Following this are the in-flight input cards, if any, which may be any combing-

tion of $DATA = 101, $DATA = INLOOK, or $DATA = IDENT (NSTAGE) groups.

The

order of these groups of cards matches the order of the time sequence of events

in the flight itself.
added in tandem.

$DATA = 300

For multiple flights, sets of the above groups may be
It is usually desirable in this case, however, to read all the

sets at the same time (as in instruction (3)) to avoid excessive
tape handling.

(25) Following is an input check list that may be helpful at execution time:

INPUT CHECK LIST#

Takeoff time Position and veloclty Reference and perturbing bodies
(completely fill in one and only one block)
BODYCD =
Rectangular Orblt elements Spherical
Tape Elliptie
DTOFFJ = X = E = LAT = bTAPE 3 = O ELIPS =
TCFFT = Y = OMEGA = LONG = DTBEGIN =
TIME = 7 = NODES = AZI = DTEND =
VX = INCL = ELEV = bELIST =
VY = MA = ALT = TFILE =
VZ = P = VEL =
IMODE = 2 IMCDE = 1 TKICK
IMCDE = 4
Output Error Restart Parameter Atmosphere and Oblateness - Stage
control control feature search coefficients rotation data
TMIN = EREF = NSAVE = LOCKX = ATMN = OBLATN = =
MODOUT = | ERLIMT = | RECALL = | XLOCK = RATM = ROTATE = FLOW =
STEPS = CLEAR = LOOKSW = COEFN = SIMP =
DELMAX = SWLOOK = icC = AREA =
STEPMX = INLOCK = BETA = DELT =
END = RMASS =
AEXIT =
IDENT =
LSTAGE =
&The following standard data are loaded by SUBROUTINE STDATA:
DTOFFJ = 2440 C00.0 MODQUT = 4 EREF = 1x10-6
IMODE = 1 STEPS = 1.0 ERLIMT = 3x1076
BODYCD(1) = (ALFS)EARTH STEPMX = 100.0 TFILE = 1.0
BMASS(1) = 1.0 LOOKSW = 711

Dat input 300, setting TAPE 3 = O is necessary to make an ephemeris tape.
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APPENDIX H

PROGRAM LISTING

THIS MAIN PROGRAM [5 THE SUPERSTRUCTURE ABOVE ALL SUBPROGRAMS.

SUBROUTINE TAPE CLEARS CUMMON 1 THRU 4000 AND MAY CONSTRUCT 4N

EPHEMERIS TAPE, ALSU, 1T ALWAYS SETS TAPE3 =0, SUBROUTINE STDATA

LOADS A STANDARD SET OF DATA. IF RECALL DOES NOT EQUAL ZERO, A

PREVIOUSLY SAVED SET OF OATA{FROM STAGE) 1S MOVED TD THE INITIAL

DATA LOCATION. THE MAIN INPUY STATION IS STATEMENT BIINPUT])

WHERE THE VEHICLE DATA FOR ALL STAGES MAY Bt LOADED. SUBROUTINE GRDER IS
CALLED TD OWDER THE LI1ST OF BODIES, DETERMINE THE GRAVITATIONAL CONSTANT,
ORIGIN ROTATION RATE, ATMOSPHERIC RADIUS, RELUCATE ELLIPTIC EPHEMERIS DATA
AND PDSITION THE EPHEMERIS TAPE.

COMMON C

OIMENSION A(600}, BUTOD), £(4000},
1 781101, v(I10Q)

EQUIVALENCE

1{A 14 {1l ) (e »C {1111} 1, 1CLEAR C { N
2{D 11 {2111)), {LSTAGE, A {  38)),(NCASE ,C { 11},
3(NCASES,A { 600} 1, {NSTAGE, A { 311, {RECALL,C { 530,
4178 A { 63)),(TAPE3 ,C 4 21),(TABLE ,C 119111}

CALL INPUT (99,C,TABLE])

IF {TAPED) 3,2,3

CALL TAPE

NCASE = NCASE ¢ }

WRITE QUTPUT TAPE 6,12,NCASE
FORMAT(12H1LASE NUMBERI3,1H.]
IF {CLEAR) 5,4,5

CALL STDATA

IF (RECALL) 6,8,6

DO 7 J4=1,1100

AtJ) = DLJ)

WRITE DUTPUT TAPE &,16,NSTAGE,NCASES
FORMAT[33H RECALLED INITIAL DATA FROM STAGE[2,8d OF CASET4,1H.}
CALL INPUT (1,C,TABLE)

IF USENSE SwITCH &) 13,14
WRITE OUTPUT TAPE 6,15
FORMATI19HOEXIT VIA SENSE Swé)
CALL EXIT

IF (LSTAGE) 11,9,11

00 10 LSTAGt=1,10

IF {TB{LSTAGE+1)) 10,11,10
CONTINUE

LSTAGE = L0

CALL "OROER

CALL STAGE

GO Td 1}

END

SUAROUTINE AERO
SUBROUTINE AERO COMPUTES THE LIFT AND DRAG ACCELERATIONS. AS [N SUBROUT-
INE THRUST, THESE VECTORS ARE REFERENCED 10 THE RELATIVE WIND VELOCITY,
COEFFICIENTS OF LIFY, INDUCED ORAG, AND DRAG AT ZERD ANGLE OF ATTACK ARE
ASSUMED TO o€ FUNCTIONS OF MACH NUMBER AND ANCLE OF ATTACK. TABLES OF
COI/CLes2, CL/SINIALPHA}, AND CDO ARE ASSUMED AS FITTED QUADRATIC EQUAT-
TONS IN THE COEFN ARRAY. GASFAC IS THE SQRTF(SPECIFIC HEAT RATIO = STAND-
ARD ACCELERATION OF GRAYITY » UNIVERSAL GAS CONSTANT). FOR EARTH, GASFAC=
20.064881 (METERS / SECee2 / KELVIN DEGREEls#l/2.

COMMON C

OIMENSION A{600), B8{700), Cl4000),
LVATM{3), P(3), XIFTI3), DRAGI3), PAR[3), X{100}

EQUIVALENCE

1A 'C { 11)),LALPHA ,A { 49)),{AREA ,B { 611,
2(B 'C (L411)),{BETA ,A { 50)),(CD rA {16511,
31co! vA { 163)),(CL WA { 164}1),{COSALF,B ( «8)),
4[COSBEY,B {491}, (DNSITY,8 t 29)),1DRAG .3 I 69)),
S{GASFAC,A [ 66)),1(P »8 { B4, lPAR 1] t 60)),
6{PMAGN ,B t 500,10 '8 { 591, 4R v 8 [ 1021),
TISINALF,B ( 46)),(SINBET,B { 4731 ,{T™ v B 1 34)),
BivaTM ,B T 9731, [VMACH ,B { 38}1,(vQ '8 { 100}),
94{vQSQRD,B 100,10 »8 { 40L)),(XIFT ,B 1120

G = 0.52DNSITY»v(SQRD
QVAL = QeAREA/X(2)
YMACH=SQRTF{VQSQRD/TM) /GASFACL

COMPUTE THE X,Y,I COMPONENTS OF LIFT.
IF [ALPHA) 2,1,2

L = 0.0

CDI=0.0

GD TO 4

CL = QUADIVMACH,2}eSINALF

AA = QVALeCL/PMAGN

AB = SINBET/vQ

DO 3 K=1,3

XIFT{K} = AAw(ABePAR(K}*COSBETePIK])
CDI=QUADTVMACH, 3)eCL#CL

COMPUTE THE X,Y,2 COMPONENTS DF DRAG.
CD = CDI+QUADIVMACH,4)

AC = -CDeQVAL/VY

00 5 K=1,3

ORAGIK) = ACsVATM(K}

RETURN

END
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FUNCTION ARCTAN (Y,X)
THE FORTRAN 11 LIBRARY ATANF(+ OR - ZeTANITHETA})} USES A SINGLE
ARGUMENT WITH 175 SIGN TU GIVE THETA [N THE FIRSY [+) OR FOURTH
{=2} GUADRANT.

THE ARCTAN FUNCYION MAY BE USED IF + OR - I IS UERIVED FROM A
FRACTION SO THAT ARCTAN {Y,X} = TAN-L [(+0R-Y=SINITHETA))/{+0R-X=
COS{YHETA}}}. THUS THE ARCTAN (Y,X) GIVES THETA IN IVS PROPER
QUADRANT FROM -1B0 DEGREES TO +180 DEGREES.

IF (%) 2,1,2 -
ARCTAN=SIGNF{1.57073632,Y1

GO 7O 4

ARCTAN=ATANF{Y/X}

IF(X) 341,4
ARCTAN=ARCTAN+SIGNF{3,14159265,Y)
RETURN

END

SUBROUTINE CONVTL [v,ARC)
THIS ROUTINE COMPUTES -— (1) ANGULAR MOMENTUM, AMC(4}
€2) ANGULAR MOMENTUM SQUARED, AMC{5)
{3) X,¥,I CORPONENTS OF ANG. MUM., ANMCIJ)
{4) VELOCITY, VI&)
{5) VELOCITY SQUARED, v(5)

COMMON C

OIMENSION A{6G0}, BI700}, Ci4000},
1 AMC13}, vi5), RB{3}, INDI3}

EQUIVALENCE
L{A 14 ( L1, (8 »C {L111)),{IND 1A I 60113,
2(R8 +B { 193))

DO 1 J1=1,3

J2=INOT 411

13=INDIIZ}

AMCUJ31 = RolJIIeV{J21-RBIJ2)*V(IL)

AMCIS) = AMC(1)ev24ANCI2)#o2sANCI3) 002

AMC{4) = SQRYF(AMCI5)) .

VIS) = Villee2ev(Ziee2evi(3)esd — e
Vi4) = SQRTF(VIS))

RETURN

END

SUBROUTINE CONVTZ
THIS ROUTINE CONVERTS RECTANGULAR COORDINATES INTO ORBIT ELEMENTS.
RECTANGULAR COORDINATES~ POSITION COMPDNENTS,X,ANO VELOCITY COMPONENTS,VX.
THE ORBIT ELEMENTS ARE IN THE ORBELS ARRAY-

(1) ECCENTRICITY {4} INCLINATION

(2] ARGUMENT OF PERICENTER (5) MEAN ANOMALY

13) LONGITUDE OF ASCENDING NODE 16) SEMILATUS RECTUM
COMMON €

DIMENSION A{6001, 8(700), C{4000),
1 AMC{3), GRBELSI6}, RBI3)}

EQUIVALENCE

L1A 1L T Li}),(AM 2] { 901),{AMSQRD,B i 91,
Z1AMC 8 ( 871}, (8 ' C (1111)1,(COSTRU,B [ 533},
I{EPAR ,8 [ 2631,1GKZM 8 { 3611,{0RBELSB { 116},
LR '8 { 102)),{RE '8 { 1931}, {SINTRU,B { 5211,
SITRU +B @011tV +8 { 95)}1,{VSQRD .8 { 961,
sLVX '8 { 92)).1vVyY 18 { 93)h,0V2 1B [ 941

ORBELS(6)=AMSURD/GR2M
R=SQRTF{RO{L)#e2¢RA(2)#02+RB(I}we2)
TRUSARCTAN{AM/GK2M# [RBI 1} eVvX¢RB{2) eVY+RB(3)eV]),ORBELSIG)-R)
IF(AMCIL)) 24142

ORBELS(3)=0.

0 Y0 3

ORBELS{3)=ARCTAN{AMCIL},-ANCI2)}
ORBELS{4)=ARCTAN{SQRTF{AMC{1}ea2+AMC2)222),ANC(3))
SNODE=SINF{URBELS{3]}

CNODE=COSF{ORBELS(3)}

AA=RB{ 1) *CNUDE+RB{2)*SNODE
AB=RB({3)SINF{ORBELS(4) ) +COSF{ORBELS(4}) ¢ {RB{2)*LNODE-RBL1] #SNODE)
ORBELS{212ARCTANIAB,AA}~TRU
ORBELS{1)=SURTF{ABSFI1.+0URBELSI6)*(VSQRD/GK2M-2./R) )}
EPCNE=SQRTF{1.+0RBELSI1})

E2M1=1.-BRBELSI1)ee2

EPAR=SQRTFIABSFIEZML})

SINTRU*SINF{ TRU)

COSTRUaCOSF{ TR}
EPASaSQRTF(ABSFI1.~ORBELSI 1)) TOSTNTRUZ{1.+COSTRUI
ETHETAsORBELS{1)eSINTRU/(1.+ORBELST1}»COSTRUISEPAR
IF(E2ML) 5,646
ORBELS(5)=LUGF ( (EPONE+EPAS)/ {EPONE-EPAS) 1-ETHETA

60 10 7

ORBELS{5)=2.sARCTAN(EPAS,EPONE) -ETHETA

RETURN

END
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SUBROUTINE ERRORZ

THIS SUBROUTINE COMPUTES THE RELATIVE ERRORS SETWEEN THE R-K AND LOW-ORDER
INTEGRATION SCHEMES. IT ALSO COMPUTES THE ERROR COEFFICIENT, A, AND SAVES
THE ERROR DATA WHEN EREF HAS A - SIGN. THE BRANCH ON [MODE DETERMINES
WHICH SET OF NORMALIZING FACTORS ARE TO BE USED.

10

(L]

- o

i

COMMON C

OIMENSION A{600), B(700), Cl{4000},
RELERR (81, XPRIM (200), XINT {100}

EQUIVALENCE

1{A vC (111}, 0AL ' B { 10))41A2 +8 1},
2(8 »C (11111),(DELT ,B { s iE2 +B { 181),
3(EREF ,A ( 131},{IMODE ,A { 11) 4+ {INDERR,B { s,
4(R »B ( 102)),(STEPGO,A { 41)),{STEPNO,A U 42)),
StV » 8 (951}, (XINC ,B { 6011),{XPRIM 4C 7N

AN

EQUIVALENCE [RELERR,XINC]}

£2 = 0.
RELERRI2) = XINCI2}/XPRIMLZ}
IF (IMODE-1) 2+1,2

COMPUTE THE NORMALIZED INTEGRATION ERRORS FOR THE ORBIT ELEMENTS.
RELERR{3)=XINC{3)/UXPRIM{3]+1.)/10.
RELERR(B)=XINC{8)/XPRIMIB]/1D.

DD 10 J=i,4

RELERR{J+3}=XINC(J+3}/62.831853

GO 10 3

COMPUTE THE NORMALIZED INTEGRATION ERRQRS IN RECTANGULAR VARIABLES.
vl = v»+100,.

00 20 J=1,3

RELERRI J+2)=XINC[J+2}/V]

RELERR{J+5)=XINC{J+5)/R

SELECT MAXIMUM ERROR, COMPUTE ERROR CDEFFICIENT, POSSIBLY SAVE ERROR DATA.
DO 5 J=2,8

IF (ABSF(RELERRIJ)I-E2) 5,5,4

K=J

€2 = ABSF(RELERR{J))

CONTINUE

€2 = E2 + 2E-8

Al = A2

A2 = LOGF(E2)-5.*LOGFIABSF{DELY)}

IF {EREF) 64747

WRITE TAPE &,STEPGO,STEPNO,XPRIM{1},DELT,AZ,E2,{RELERRIJ)»J=2,8),K

INDERR = INOERR + 1
RETURN

END

SUBROUTINE EQUATE
THIS SUBROUTINE IS CALLED FROM NBODY TO EVALUATE THE DERIVATIV&S OF THE
VARIABLES OF INTEGRATION. EITHER RECTANGULAR COORDINATES OR ORBIT ELE-
MENTS MAY Bt USED AS THE VARIABLES OF INTEGRATION, BUT IN THE CASE OF THE
LATYTERy THE CORRESPUNDING RECTANGULAR COORDINATES MUST FIRST BE FOUND.
THIS IS ODONE AT THE BEGINNING THRU THE USE OF KEPLERS EQUATION. THE
PERTURBATING ACCELERATIONS ARE FOUND BY CALLING VARIOUS OTHER SUBROUTINES
AND THEIR SuM RESOLVED ALONG THE X,¥,Z AXIS. FINALLY, THE DERIVATIVES
ARE CALCULATED. IN THE CASE OF ORBIT ELEMENTS, THE X,Ys1 PERTURBATING
ACCELERATION COMPONENTS MUST FIRST BE RESQOLVED INTO CIRCUMFERENTIAL,RADIAL
AND NORMAL COMPONENTS. THIS ROUTINE ALSO CHANGES THE INTEGRATION VARI-
ABLES FROM URBIT ELEMENTS TO RECTANGULAR VARTABLES IF THE ECCENTRICITY
APPROACHES UNITY. THE X,XPRIM, AND XDOT ARRAYS ARE AS FOLLOWS.

X ORBIT ELEMENTS RECTANGULAR COORDINATES
1 TIME TIME
2 MASS MASS
3 ECCENTRICITY X-VELOCITY
4 ARGUMENT OF PERICENTER Y-VELOCITY
5 ARGUMENT OF ASC. NODE I-VELOCITY
6 INCLINATICON X
7 MEAN ANOMALY Y
8 SEMILATUS RECTUM 4
COMMON C
DIMENSION AL1600), B{700}, C[4000),
XPRIM [100421, VX (3}, QX {31,
RB (3}, NEFMRS (81, X (100},
XPRIMB {10042}, FORCE {3}, XIFT (3),
ORAG {3), OBLAT (3}, COMPA (3]
XparT {ioo)
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EQUIVALENCE
1tA 1 i
2{8 s+ C {
3{CIRCUM, B (
4{CCSTRU,B (
S{EMUNE 8 (
6{EXMODE,B ¢
TIGKZM 48 {
B(KSUB .8 {
9(NSTART,B {
EQUIVALENCE
1{PRESS ,8 {
2{RADIAL,B {
IR 18 {
4{SINTRL,B {
SITABLT .8 {
6(TTEST ,A {
TIVSURD ,8 {
8{XIFT ,8 {
X 8 t

TAGLT=X{1}/5PD¢
IMOUE=IMODE
LU TO (2416416}

STATEMENTS ¢ FO 16 FIND THE RECTANGULAR POSITION AND VELUCITY FROM URBIT

ELEMENTS ANu TRUE ANUMALY, THE TRUE ANUMALY IS FOUNO FRUM [TERATIVE

Lij},(AMSQRO,B
111120, (BNAME 48
8211, {COMPA 4B
5311,(C05v 4B
281),{EPAR  ,B
271),{FLOW 4B
36) 1, [LKM »8
19) 1), [MBODYS,8
241}, (OBLATN,A

33)),(PUSHO ,B
811),(RATMUS,B
102)), [RSURD ,B
521)515INY 8
20) ), {TUFFT ,A
5411, 10U P A
9611, LV '8
721}, LXPRIM HC
4ul) ) (ZORMAL,B

TOFFT

» IMQCE

SOLUYION OF KEPLERS EGUATION.

£2 = x{dleeg
E2M1l = l.-k<
EMONE = X13i-1l.
EPAR=SQRTF (ABSF

(E2M113)

VEIRCU=GHM/SCRTFIX(B))

GLI}, [ASYMPT,A
1221, {CINCL 4B
63) 31, {CUNSTUSA
57)1),{DRAG .B
26311, {ETUL A

53),{FORCE B
3711, L IMUDE 44
4211, INEFMRS5,8
4011, (OBLAT ,8

39111,(8% N
23)1,4RY )
4533, [SINCL B
56114 { 5PV 1A
2431, L TRSFER, 8
591,10V '8
921),1x0071 .8

TLLH}, (XPRIME,C
B3}, (2N '8

COMPUTE SINE ANO COSINE OF TRUE ANOMALY.

PARY A, E*l

IF {EMONE) 10,4
SINTRU = O
COSTRY = L.

GO TO 14

'S

PART 4. € {5 GREATER THAN 1

DO 7 J=1,100
DELM = X{T)-UsX
ECOSU = X{3)eCO

{3)e3INHF LU}
SHF{U

UELU = DELM/{1.0-ECUSU}

U = UsDELU

IF (ABSF{DELMI=CONSTU) 949,7

CONTINUE

ASYMPT = 1.0

IF {MBODYS) 8.2
CALL EPHMRS

GO YC 23

COSuU = CAsSKHFiu)

3,8

QEM1 = 1.-X{3]»CO5U

COSTRU = {CuSu-
SINTRY =-EPAReS
GO TU 14

PART C. t I5> LE
DO 12 J=1,15

DELM = x{T7)-UsX
ECOSU = X{31C0

X131)/70EML
INHFLU}/DENT
55 THAN 1

{3)e5INFLU}
SF{u)

DELU = UELM/{1.0-ECOSU+O.0L2ECOSURe3}

U = UUELU

1F (ABSF{DELMI-CONSTU} 13.13,12

LONTINUE

wR ITE DUTPUT TAPE 6,55,u,DELU

CALL EXIT
COSu = COSF(W)

StMl s 1.-X(3)=COSU

CUSTRUY = (CUSu-
SINTRU = EPaReS

X(3))/0EMmL
INFIUI/DEML

POVR = l.+x{3)eCOSTRU

Tidy
531,
323 )y
6%1),
3011
66) )y

Lidy

1851},
751

78} 1,y
193)),
541y
4411,

a1,
8514,
501ty
Sl
431)

COMPUTE POSITION AND VELOCITY FROM ORBIT ELEMENTS ANU TRUE ANUMALY.
ALSD, CLEAR THE PERTURBATING ACCELERATIUNS.

SOMEGA = SInF{X
COMEGA = COF({X
SNCDE = SINFixt
CNCOE = COSF{xi
SINCL = SINFUXI
CINCL = COSHIXI

SINVaSINTRUSCUMEGA+COSTRUCSOMEGA
COSV=COSTRUSCOMEGA-5INTRU*SOMEGA

AR=COSV#CNUUE-S

{43)
{a))
511
S
63)
6))

INVeSNUOECINCL

BL=SINVACNQUESCUSY#SNODE L INCL

Cl=COSVeSNUUE+S

INVeCNODESCINCL

01 =SINVeSNUUE-COSVeCNODE =C INCL

Bl + X{31eS0MEG
F1 = X{3)»LUMEG
AS=EL2CNOUE*FL»
B2=F1#CNOUE=CIN
"R = X18}/PDVR
RSQRD = ReR
SINVYaSINVey [Nl
RB(L) = ReAR
RB(2) = Re(l

A*SINY
A+COSY
SNUDE«CINCL
CL-EL»SNOOE

L

P63} = ReSINVY

vX{l}s=-vCIRCLwA
VX12)aVCIRCL#B2
vx(3)=vCTRCURF]
40 G 18

S
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16 DO 17 X=1,3
VXIK) = X{Ke2)
L7 RBIK) = X{K+5)
RSQRO = RBI1)=RB{L) + RB(2)»RBI2) + RB(3)eRB{3}
R=SQRTF{RSQRD)
18 YSQRD=VX{LjevX{1)eVXI2)aVX(2}+VX{3)evX(]3)
V = SQRTFIVSQRD]
00 19 I=l,15
19 FARCE(1) = 0,

TEST FOR PRESENCE OF PERTURBING BODIES.
IF {MBOOYS) 20,21,20

20 CALL EPHMRS

21 IF (XABSF{IMOLE)-1) 26,22,26

TEST FOR CHANGE FROM ORBIT ELEMENTS TO TEMPORARY RECTANGULAR
COORDINATES IF E IS YOO NEAR TO UNITY.

22 IF {ETCL-ABSF{EMONE}) 26.23,23

23 IF (IMODE) 54,24,24

24 IMODE=-3
IF (NSTART) 25,54,25

25 TTEST = Xx{1)

27 CALL TESTTIR

TEST FOR OBLATENESS PERTURBATION COMPUTATION.
26 [FIOBLATN-BNAME)30,29,30
29 CALL CBLATE

TEST FQR PRESENCE OF THRuUST.
30 xDOV(2) = ~FLOW

IF {R-RATMO3) 31,31,32
31 CALL 1CAC

GO 70 33
32 PRESS=Q.
33 IF (PUSHO) 37,36,37
36 ASSIGN 40 TO NOONE

GO TO 38
37 CALL THRUST

ASSIGN 41 Tu NDONE

TEST FOR EXISTENCE OF ATMOSPHERE. FIND AERODYNAMIC FORCES.
38 IF (PRESS ) 39,42,39
39 GO TO NOONE, (40,41}
40 CALL THRUST
41 CALL AERO

SUM COMPONENTS OF THE PERTURBING ACCELERATION.
42 DO 43 J4=1,3
%3 COMPA{J} = -QX{J)+QBLAT(J)+FORCE{J)+XIFTIJ)+DRAGIJ}
44 GO TQ {47,45,45),1MODE

COMPUTE DERIVATIVES FOR THE RECTANGULAR VARIABLES OF INTEGRATION.
45 AA = GK2ZM/R/RSQRD

00 46 K=1,3

XDOT(K+5) = X(K+2)
46 XDOT(K*2) = COMPA{K]-AAeX{K+5}

GO T0 54

COMPUTE THE DERIVATIVES OF THE ORBIT ELEMENTS. [(AFTER RESOLVING
PERTURBATING ACCELERATION INTO CIRCUMFERENTIAL, RADIAL, NOURMAL CGMPONENTS)
47 CIRCUM=COMPA[3)COSVeSINCL-COMPA{1)eBL-COMPAL2) DI
RADTAL=COMPA[L)»AR+COMPA{2)#CL+COMPA{I) #SINVY
ZORMAL=COMPA{ L) #SNODE#SINCL~-COMPA(2) «CNDDESSINCL +COMPAL3) #CINCL
IN=VCIRCL®EZML«EPAR/ X[ 8]
RDVPPL = 1./PDVR + 1,
RDVA = EZM1/PDVR
XDOT(8} = 2,e8R/VCIRCL=CIRCUM
IF (X(3}) 48,48,49
48 CSQRD = CIRCUM=CIRCUM
RASQRD = RAUIALeRADIAL
DEML = {4.s(SQRD+RASQRD) »VCIRCL

TEST FOR IN-PLANE PERTURBATION,

IF {DEM1} 57,56,57
56 XDOT(3) = 0.

XO0T(4) = 0.

XDOT(7) = 0.

63 TC 50
57 vOV2RsvCIRCL/R/2.

XDOT{3) = SQRTF(4.sCSQRO+RASQRD}I/VCIRCL

XDOT{4) = VUV2R+{2.eCSQRO+RASQRD)/DEMLRADIAL

XDGT{T) = ZN-VOVZR+{6.2CSQRD*RASQRO) /DEMIeRADIAL

GO 10 50
49 XDOT(3) = {SINTRUSRADIAL+{POVR-ROVA)I/X{3}sCIRCUM)/VCIRCL

XDOT(4)={SINTRU/X{3}*ROVPPLaCIRCUM-~COSTRUSRADIAL/XI3))/VCIRCL

XDOTCT)=IN+EPAR/VCIRCL#( (COSTRU/X{3)-2./POVRISRADIAL-ISINTRU/X(3 )«

LRDVPP1aCIRCUM}}
50 TFISINCL) 51.52,51
51 XDOT(S} = SINV/SINCLeZORMAL/VCIRCL/PDVR

GO 70 53
52 XDOT{(S) = 0.
53 XDOT{6) = CUSVeZORMAL/POVR/VCIRCL
54 RETURN
55 FORMAT(4LIHOKEPLERS EQUATION CONVERGENCE FAILURE, UxGl5.8,7TH DELU=

1G15.8)

END

51



52

L e aXsR 2R aXakakyl

[aX ol

[ Xal [aXaluN32l (X321 ® OOoo [aXaKal [aRaNaRaXal

oOn

[aNatal

s
8
T
[
A
A
[
£

e ~ —

w

~o

<&

11

12
13

14

16
18
19

© SUBRUUTINE EPHMRS

UBROUTINE EPHMRS 1S CALLED TO COMPUTE THE POSITIONS OF ThE PERTURBING

ODIES RELATIVE TO THE VEHICLE AND, FROM THESE, THEIR PERTURBING ACCELERA-
1ONS UPON THE VEHICLE. OCCASIGNALLY THIS AOUTINE IS CALLED FOR THE PURPUSE
F TRANSLATING THE DRIGIN IN wrICH CASE {TASFER=1) THE RELATIVE VELOCITIES
RE ALSO CALCULATEO. [F A BDOYS POSITION 1S T0 Bt COMPUTED FRUOM AN ELLIPTIC
PPROXIMATION SUBROUTINE ELIPSE IS CALLED. OTHERWISE, THE POSITION WILL BE
ALCULATED IN EPHMRS FROM THE PRECISION TAPE EPHEMERIS. THE DO 13 LOOP
NCOMPASSES ALMOST THE ENTIRE EPHMRS SUBROUTINE ANU ,IN EFFECT, ELIPSE TOO.

COMMON  C

DIMENSION A{4600}, B{700), C(4000},

3 Qxi3}, IoODYIB}, EFMRS{T), XPl3,B8), RBII3,B}, R 18}, TIM(T),

2 NEFMRS(8), TOATA(6,3,7), TOELI7}, BMASSI8), VEFM(3,8), DATA(ZD)
3 + TOAT{LE,T)

EQUIVALENCE
14A »C 2911, (8 '
23}, {EFMRS ,8 13001,
42)), INEFMRS,8 18511,

1011, LA A [
[
(
1023}, (RB '8 ( 19313,
{
(
{

(VY 111113,
2(BMASS .8 { 137}, (DTOFFJ,A

3(180DY ,B ¢ 17710, (MH0DYS,8

4(ax '8 {7811, (R B

S(SQROK ,8 { 35)1,05P0 LA

SI{TOATA 48 { 265)1,(TDEL B

TITRSFER, B [ 8)1,IVEFM ,B
EQUIVALENCE (IBF,FIBJ, (TDAT,TDATA]

44)), [TABLT ,8 201,
17001, (TN »8 16312,
26113, 1XP 3 2171)

PART 2. SET INDEXS, FIND POSITION IF ELLIPSE IS USED [NEFMRS = 20 OR UPI.
D0 19 J8=1,MBODYS

JBL = JBel

1BF = 180DY{JB1}

1B = XABSFIIBF)

1F (NEFMAS{JBI-20) 2,241

CALL ELIPSE (JBD)

IF [TRSFER) 12,12,17

PART 3. TAPE EPHEMERIS IS TO BE USED. FIND DIFFERENCE (OT) SETWEEN
CURRENT PROBLEM TIiME {DTOFFJ+TASLT) AND MIDPOINT TIME [TIM) QF CURRENTLY
STORED TAPE DATA. THEN SEE IF CURRENT DATA IS OxAY. TODEL = VIME INTERVAL
ON EITHER SIDE OF TIM FOR wHICH CURRENT DATA IS GOGD.

DT = TABL T - (TIMIJB) -DTOFFJ)

IF (ABSFIDT)I-TDEL{JB)} 10,10,3

PART &A. CURRENT DATA NDT OKAY. READ IN NEXT DATA SEY. [IF OV IS ~-»
BACK UP THE TAPE 2 RECORDS HEFORE READING.

IF {DT) 4,5,5

BACKSPACE 3

BACKSPACE 3

READ TAPE 3, {DATALI), I=1,21)

PART 4B. IF TWIS DATA IS FOR A 800Y IN THE BNAME LIST, STOHE IT.

{IF NOT STOMED, WE MIGHT HAVE TO RETURN FQR IT.) IF ELLIPSE DATA 135
PROVIDED FOR THE BOOY FOUND, BY-PASS THE TAPE DATA AND READ IN NEXT SET.
pbG 7 4 = 1,MBODYS

TF ((OATA(1)+EFMRS{I)I#{—(DATA{LI«EFMRSIIIII) 7,6,7

1F INEFMR5{J)-20) 8,8,3

CONTINUE

GO TO 3

PART 4C. MOVE THE OATA INTO PLACE AND THEN GO BACK AND SEE IF IT I5 Okav.
TIN(J) = DATA{2)

TOELIJ} = DATAL3)

00 9 JJ=1,18

TOATIJJ,J) = DATA(JJ+3)

CONTINUE

G0 70O 2

PART 5. CURRENT DATA IS OKAY. GET POSITION FROM THE POLONOMIAL
P = A ¢ BX ¢ CXoe2 ¢ DXnel + EXoel4 ¢ FXen35,

DO 11 K=1,3

XP{K,JBL} = TDATA[1l,X,JB!

D0 1l K¥=2,6

XP{K,J811 = XP(K,J4Bl)» DT +TOATAIXT.K,JB)

CONTINUE

IF {TRSFER} 1241215

PART 4. COMPUTE GISTANCE FROM REFERENCE AND FROM RDCKET .
00 13 K=l,3

XPIK,JB1) = XPUK,IB) +XPIK,JBLI*SIGNF{AU,FIB}

RBIK,JBl)= AB{K 1} ~ XP(K,JdBl}

PARY 7. COMPUTE PERTURBING ACCELERATIONS (QX). 4194304=24e22 [S REMOVED
TO PREVENT OVERFLUW. 2048=2e¢l1 ANO B589934592=2s#33 RESTORE THE SCALE.
PRSQRD = {Ru{l,JBl)es2 + RB(2,JBLl)es2 + RBUI,JBL1*#2}/4194304,

RRELL = SQRIF(PRSGRD}

RSGRO « { %XP{1,JBl)es2 + XP(2,JBLl]ve2 + XP13,JBl)»e2) /4194304,

RCUBE = RSQRD ¢ SQRTF(R SQRO}

PRCUBE = PRSGRD « RRELL

RIJB1) = RRELL#Z048.

0D 14 X=1,3

QX(K)=SQRDK ¢ BMASS{JB1) » {(XP(K,JB1)/RCUBE) ¢ RB{K,JBLI/PRCUBE}/

1 8589934592, ¢« QXIK]

60 TO 19

PART 8. COMPUTE VELOCITY FROM V = B ¢ 20X + 30X#82 ¢+ 4EXeed ¢+ SFXsed
AND FROM REFERENCE BODY VELOCITY [(VEFM{1IB)).

DO 16 K=1,3

VEFM{K,JBl) = D.

DO 16 KT=1,5

VEFM{K,JBL) = (VEFM(K,JBL)eOT+TDATAIKT K, JB}eFLOATFI-XT+6)}
DO 1B K=1,3

VEFM{K,JBL] = VEFM{K,18) + VEFMIK,JIBL}eSIGNFIAU/SPOLFIB)

GO 10 12

CONT [NUE

RETURN

END
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SUBROUTINE EXTRA

THIS ROUTINE [S EXECUTED BETWEEN FLIGHTS AND MAY THEREFORE B8E EXPANDED YO
D0 ADDITIONAL COMPUTATION BETWEEN SUCCESSIVE FLIGHTS.

COMMON C
DIMENSION A{600), B{700), Ci(4000}

EQUIVALENCE
1(a 1 C [ 111,08 14 (1111)),(QMAX 48 { 44)),
2(SIGNAL,B { 31hn

SIGNAL = O,
QMAX = D.
RETURN

END

SUBROUTINE EXTRAS
THIS ROUTINE [S EXECUTED BETWEEN STAGES AND MAY THEREFORE BE EXPANDED TO
DO CALCULATIONS BETWEEN SUCCESSIVE STAGES OF A FLIGHT,

RETURN
END

SUBROUTINE ELIPSE (JB1)
HIS SUBROUTINE IS CALLED FROM EPHMRS TO COMPUTE THE POSITION OF A BODY
SING APPROXIMATE ELLIPTIC OATA., THE VELQCITY IS ALSO COMPUTED (F THE
RIGIN IS BEING TRANSLATED (TRSFERal.0). THE ELLIPSE DATA IS READ FROM
NPUT CARDS AND ORGANIZED IN SUBROUTINE ORDER. TPD IS TIME SINCE PERTHELION

ASSAGE, IM IS MEAN ANCOMALY, U IS ECCENTRIC ANOMALY.
TDATA ARRAY - (K} SEMILATUS RECTUM {K+7) PERIOQD
{K+1) ECCENTRICITY {Ke8) SIN OMEGA
(K+2) OMEGA {K+9) SIN NOUE
{K+3) NODE {K+10) SIN INCLINATION
{Ke4) INCLINATION {K+¢11) COS OMEGA
{K+#5) JD OF PERIHELION {K+12) COS NODE

{K+6) FRACTIONAL PART DF {K+5) {K+13) COS INCLINATION
COMMON C

OIMENSION A(60Q), 8(T00}, C14000),
1 XP(3,8), VEFM({3,8), TLATA({121)

EQUIVALENCE

A oL t 111,108 'L (110100, (CONSU A [ 31,
2{0TOFFJ,A { 23)),(TABLT ,B { 20)),(TDATA ,B [ 2651},
3{TRSFER,B { 81),{VEFM 4B { 26101, (XP '8 {2171

K = [8e{JBl=-2)¢l

TPD = (OTQFFJ-TOATA(K+5) )+ {TABLT-TDATA(K*&)]
IN = 5.2B8318533/TDATALK+7)

IM = INsMOLF(TPD,TDATAIK+7))

GET THE SINE(SINTRU} AND THE COSINE (COSTRU) OF THE TRUE ANUMALY
B8Y ITERATING KEPLERS EQUATION. THEN COMPUTE X,Y¥,Z (XP).

U = IMsTDATAIK®L)oSINF{IM}+. 5o TOATA(K*L1}s224SINF(2,0IM}

00 1 J=L,10

DELM = ZM-U+TDATA(K+L}»SINF{U)

DELU = DELM/[1.-TOATAIK+1}«COSFi{U})

U = U+DELU

1F {ABSF(DELMI-CONSUY) 242,1

CONTINUE

COSv = COSF{u}

DENQM = 1,~TDATA(K+l)eCOSU

COSTRU = {CUSU-TDATA(K+1]}]/DENOM

R = TDATA(KI/({1.¢TDATA{K+1]}eCOSTRY}

SINTRU = SQRTF{1.-TDATA{K+1}ea2)eSINFIUI/DENCHM

SINV = SINTRUeTDATA{K+11)+COSTRUsTDATA(K+8)

COSY = COSTRUSTDATAIK+111-SINTRUSTDATA(K+8)

XP{1l¢JBL) = Re[COSYOTDATA(K+12)-5INVeTDATA(K+I)eTDATA(K+13))
XPU244Bl) = Re{COSVeTDATA(K+9}+5INVeTDATAIK+12)eTDATA{K+13))
XP(3,JBLl) = ReSINVeTDATA(K+10)

IF (TRSFER) 3,4,3

COMPUTE THE VELOCITIES FOR THE TRSFER OF ORIGIN.
EX = TDATA(K+L)}eTOATA{K+8)+SINV

FX = TOATA(K+¢1)eTOATA{K+11)+COSV

CFACT = INeTDATAIK)/U{SQRTF{{1.~-TDATA{K+]1])ee2)ss3}}
AX = EXoTDATA(K+12}¢FXaTDATA{K+9)oTOATA(K+13)

BX = FXoTDATA(K+12)+TDATA(K+13}-EXeTDATAIK+I}
VEFM{1,J4Bl) = —AX+CFACT

VEFM(2,JB1) = BXeCFACT

VEFM(3,JB1) = FXeCFACT«TDATA(K+10)

RETURN

END
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REM SUBROUTINE EXADO (A,B8,C)
REM THIS RUULTINE WILL ADD IN DOUBLE PRECISION A QUANTITY C TO THE DOUBLE
REM PRECISION VARIABLE A+B WHERE A 1S THE MOST SIGNIFICANT PART AND 8 IS
REM THE LEAST SIGNIFICIANT PART.
ENTRY EXADD
COMMON -206

Qi COMMON 1

Q2 COMMON 1

TEMP1 COMMON 1

TEMP2 COMMON 1

HTR
acI 1,EXADD
S$X0 o4,
SXb 4,2
EXADD SXD e-by4
CLAe L4
FAD» 3,4
S$TQ Q1
FAD» 244
$TQ Q2
FAD Ql
$TQ Q1
sTO TEMPL
CLA qQl
FAD Q2
STO TEMP2
FAD TEMP2
FAD TEMPL
$TQ Ql
FS8 TEMP2
$70» | PR
$TQ Q2
CLA qQl
FAD Q2
5T0e 214
TRA &oe
END

SUBROUTINE ICAC
SUBROUTINE [CAQ DETERMINES THE ATMOSPHERIC TEMPERATURE, PRESSURE, AND
DENSITY AS A FUNCTION OF ALTITUDE ABOVE THE EARTH IN ACCORDANCE WITH
THE 1962 U.5. STANDARD ATMOSPHERE (1CAD TQ 20 KM.J. A SHORT FAP
PROGRAM FOLLOWS [CAD WHICH PROVIDES A MEANS OF LOADING DATA INTO MACHINE.
IT MUST BE LOADED OIRECTLY AFTER 1CAC. IF THE LENGTH OF ICAD 1S CHANGED.
THE DATA MUuST BE RELOCATED.

R [5 DISTANCE TO CENTER OF EARTH IN METERS.
ALY IS YEHICLE ALTITUDE ABOVE EARTH IN METERS.
TABLE H IS METERS OF ALTITUDE FROM THE EARTHS SURFACE AND IS
THE ARGUMENT OF ATMOSPHERE PROPERTY TABLE.

ALM T3
THR 15
REF P 1S
™ 1§

PRESS IS
ONSETY IS
HEIGHT 1§

THE MEAN SLOPE OF THE TABLE H VY5. TM CURVE AT TABLE H.

TM AT TABLE H.

THE PRESSURE IN MILLIBARS AT TABLE H.

THE TEMPERATURE TIMES STD. MOLECULAR WEIGHT / ACTUAL
MOLECULAR WEIGHT. DEGREES KELVIN.

PRESSURE IN MILLIBARS.

DENSITY IN KILOGRAMS PER CUBIC METER.

EITHER GEQPOTENTIAL ALTITUDE OR GEDMETRIC ALTITUBE IN METERS.

COMMON C

[l PakakatatatalknkakalakaXataRaRataRa ookl

DIMENSION A(600}, 8(700), C(4000),
1 TABLEHI23), TMRU23}, REFP{23), ALM{23) , RB(3}

c
EQUIVALENCE
1(A »C [ 1113, LALT »A § 4)1,18 14 {11113,
2(DNSITY,B { 291, {OBLATN, A {4011},
3(PRESS ,8 ( 33i),1(R B U 102)),(RB +B { 19311,
4(RE v A § 25)),{TABLT ,8 ( 203),(TM +B { 34)1,
S{RESQRD,B { T}
EQUIVALENCE (TABLEH(241,TMR} , (TABLEH{4T) ,ALMI, (TABLEHITO0) ,REFP])
c

If (0BLATN) 102,101,102
101 ALY = R - RE
GO 70 103
102 ALT = R-63567B3.28/5QRTF{.99330465783+.,006693421685(RBI{3}/R]eel}
163 IF {ALT-90000.) 105,104,104
104 HEIGHT = ALT
GO 10 10¢
105 HEIGHT = ALT/11.0+ALY/5356766.1
106 K=K

FIND THE HEIGHT IN A TABLE OF BASE DATA. DATA ARE
ARRANGED IN DECENDING ALT MWITH 21 REGIONS. ABOVE THAT, PRESSURE AND
DENSITY ARE SET = 0, TVEMPERATURE IS SET TD 3000.

IF (K=22) 24646

IF {HEIGHT-TABLEH(K+1}]} 5¢3,3

K = K¢l

GO 701

K = K-1

IF (K} 74746

HINC = HEIGHT - TABLEHIK)

IF (H INC) 4,8,8

eann

owm s w A

K =1
IF {ALMIK)) 9,4100,9
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CONTROL COMES HERE FOR NONISOTHERMAL LAYERS

™
1F

= TMR{K) + ALM{KjeH INC
{ALT-9Q000.) 107,107,108

PRESS = REFPIK}®{THMRIK)/TM)»el . 0341631347/ALMIK})

GO0
IF
KC
cl
c2
c3

T0 10

{K-KC) 109,110,109
= K

= RE+TABLEHIK)

= THRIK]/ZALMIK]

= [./{C1-C2)

Cé = ~,0341631947*RESIRD#CI/ALMIK]
110 PRESS = REFPIK)®EXPF{C4e(CIPLOGFICI#(HINC/C2+1.)/(RE+HEIGHT) ]~

HINC/C1/{RE*HEIGHT)))

10 DNSITY = PRESS/TM/2.87053072

00
11

13

G0 TO 13
CONTROL CUMES HERE FGR ISOTHERMAL LAYERS
1F (X-22) 14,12,12
TM 2 THR{X)
PRESS = REFPIK)®EXPF{-.034163194TsHINC/THMRIK]}
GC TO 10
CONTROL COMES HERE FOR EXTREME ALTITUDES
PRESS = 0.0
DNSITY = 0.0
TM = 3000.
RETURN
END
REM THIS 1S THE FAP PROGRAM WHICH LDADS ICAQ OATA INTO MACHINE.
REM THE 256 IN ORG 256 wA5> FOUND BY SUBTRACTING 22 FROM THE DEC LOCATION
REM OF REF P (FROM FAP LISTING OF ICAD, THIS WAS FOUND TO BE 278}).
REM THUS, <78-22=256, DISCARD THE FIRST Twd BINARY CARDS AFTER ASSEMBLY
REM AND PLACE REMAINING CARDS IMMEDIATELY BEHIND ICAOD BINARY DECK.
REM
REM Al I REF P(23)
REM A2 15 ALM{23)
REM A3 I35 TMRI23
REM A4 IS TABLE HI23)
REM
ORG 256
DEC O4p1.191BE~943.4502E-9,1.0957E-8,4.0304E-8,1.8838E-T
DEC 6.9604E-741.6852E~6,2.T926E-6,3,6943E-6,5.0617E~6,2.5217E~5
DEC 7.3544t-5,3.0075E~4,1.6438E~-3,.010377,.182099,.590005
DEC 1.10905,8.,68014,54.7487,226.320,1013.25
DEC 0y 0y o0011,.0017,.7026,.0033,.004,.0N5¢.00T7¢4014.0154.02,401
DEC .0054.003,0.4-.004,-.002,0.,y.0028,.001,0.,~.0065
DEC 0.,2700.65,25%0.65,2420.65,2160.65,1830,65,1550.65,1350.65
DEC 1210.65,1110.65,969.65,360.65,260.65,210.65,180.65,180.65
DEC 252.65,270.65,270.65,228.65,216465,216.65,288.15
DEC LE30,7k5y6E5,5E5,4E59E5+243ES1aIESy) Lo TES) L. 6ESy Lo 5ES, 1. 2ED
DEC 1.1E5,1E5,.9E5,79000.,61000.,52000.,47000.,32000.,20000.
DEC 11000.,0.
END
SUBROUTINE NBODY
NBODY COMPUTES THE TRAJEUTORY IN EITHER ORBIT ELEMENTS OR RECTANGULAR
COCRDINATES USING THE Ri“GE-KUTTA TECHNIQUE. A LOWER QRDER INTEGRATION
TECHNIQUE 15 ALSO PERFORMED TO FACILITATE AUTOMATIC STEP SIZE CONTROL.
THE X, XPRIM,XDOT,XINC,ETC., ARRAYS ARE AS FOLLOwS.
X ORBIT ELEMENTS RECTANGULAR CODRDINATES
1 TIME TIME
2 MASS RASS
3 ECCENTRICITY X-VELOCITY
4 ARGUMENT OF PERICENTER Y-VELOCITY
5 ARGUMENT OF ASC. NODE Z-VELOCITY
[ INCLINATION X
7 MEAN ANOMALY Y
8 SEMILATUS RECTUM 4
IMODE VARIABLES
1 ORBIT ELEMENTS
2 RECTANGULAR
3 RECTANGULAR TiMPORARY
4 EARTH SPHERICAL--CHANGE TD RECTANGULAR
-1 CRBIT ELEMENTS--CHANGE TO RECTANGULAR
-2 RECTANGULAR-—CHANG: TU ORBIT ELEMENTS
-3 ORBIT ELEMENTS-—CHANGE TO TEMPORARY REC I ANGULAR
-4 EARTH SPHERICAL -~ CHANGE TO ORBIT ELEMENTS
COMMON C
DIMENSION A{600), B[T00}, C(400D0),
XPRIM (100,21, XPRIMB [100,2}, XDOTPM (100,21},
X {100), XINC (100}, QLDINC {100),
x0QT (100), RB (31, XX [1001,
AMC (3}, AK (%), An 14),
XWHOLE (6}, VX {31, BEX [14)
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EQUIVALENCE

1A +L [ 111),tAlL 1] { 10}},1A2 » 8
21ACOEF1,B [ 12)},lACOEFZ,B { 13)),(ACOEF3,8
3{AK 1A { S5i}),0amMC +8 { B7)i,(AMSGRO,B
41AM B { 9011, [ASYMPT,A { ThHh, (AW vA
5{8 +C {LELEY) LCOUNSTU, A { 32)),IDELY ,8
&1DONE 4B t 39)),(E2 ] { 1B}),[EMONE ,8
TUERLIMT, A { 1l4b),[ETOL LA { 30)),(EXMODE,B
BigKa2™ L8 { 36)),[(H2 '8 { 151},UIMDDE ,A
9(INDERR,B 1 S1}).IKSUB ,8 { 19)},1mBDOYS,B
EQUIVALENCE

1INEQ +A { 2} ), [NSTART,B { 241},(0LDOEL,B8
2(QMAX .8 { 4431),(RATIO ,8 { 58}11,(R8 '8
3(REVS 44 { 4&81}),I[R '8 { 1021}, [STEPMX,A
4{STEPGC,A { &1}}),ISTEPNG,A { 4211, [TRSFER,B
3{TRU +8 { 40)),[TTEST ,A U 5411,{VSQRD .8
6LVX +8 { 92)1,1X00T ,8 { 501}, (XINC ,B
TEXPRIN { 7111}, [XPRIMB,C { 911}, [XWHOLE,B
199 +B { 401}),[ERLOG ,8B t 17}, [EREF ,A
9(Q 8 { 59}1,l0UTPOT,B8 {3991}

{ 111},
{ 1411,
{ 9lh),
{ 5511,
{ 1)},
{ 2811y
U271,
{ 11y
{ 421}

{ 911,
U 195},
{ 16},
{ Bl
{ 9611,
{ 6011},
¢ L1011},
{131,

PARTY 1. SET UP THE STARTING SEQUENCE FOR ERROR CONTROL AND DELAY CHELKING

THE ERROR UNTIL TwWO STEPS ARE COMPLETED. THE ASSIGNED
IBEGIN CONTROL STARTING.
NEQ = NEQ

0D 2 J=1.NEy

XPRIM[J,2) = XPRIM{J,y1)
XPRIMB{Jy2] = XPRIMB{J,1}
X{J) = XPRIMLIJ,1}

NSTART = Q

TREFER = Q.

HZ = DELY

DELT = DELT/2.

CALL EQUATE

IF [OUYPQT) 222,221,222
CALL DUTPuUT

00 3 J=1,3
XWHOLETJ)=vX(J)
XWHOLE(J+3) = RB{J}
CHANGE INTEGRATION VARIABLES IF IMODE IS -.
IF [IMODE} 4,5,5

CALL TESTTR

GO 10 1

CALL TESTIR

[F [TRSFER) 1,205,1
ASSIGN 21 TU NSTART

GO

TOS NSTART AND

STATEMENTS 7 TO 9 INITIALIZE NREVI AND NREV2Z FOR USE IN PART 7A.

IF (RBI{2)) T+6.8
IF{YX(2)) 7,8,8
ASBIGN 37 TO NREVI
ASSIGN 35 TO NREVZ
GO 10 ¢

ASSEIGN 33 TO NREVL
ASGBIGN 37 TO NREVZ

DO 10 J=1,NEQ ’
XDOTPH{J,1) = XDAVLH)
XINCUJ} = O,

CONTINUVE

Ksug = 1

ASSIGN 16 TO N

PART 2. RUNGE-KUTTA SUBINTERVAL SCHEME. EQUATE PRODUCES THE NECCESSARY

DERIVATIVES XDOT{J).

DG 13 Jsl.NEQ

XKtJ} = XOOTIJ} « DELY

XINCUJ) = XINCIJ} + AWIKSUB)#XXUJ)
XU0J) = XPRIMIJ,2) + AK{KSUB)®*XK{J]
CALL EQUATE

GO TO Ns{16,17,18,20)

PART 3. SUBINTERVALS 2, 3, AND &, TO STATEMENT 19 FINISH A

RUNGE-XUTTA STEP AND INCREMENT XPRIM{J,2) IN DOUBLE PRECISION.

KSuB = 2

ASSIGN 17 TO N

Ga 10 12

K5uB = 3

ASSIGN 18 Tu N

GD YO 12

00 19 J=1,NEQ

XINCGJ) = XINC(J)} + Awl4) «XDOT[J} » DELT
CALL EXADD{XPRIM{J,2}, XPRIMB(Jy2), XINC{J}]
X{J) = XPRIM{J,2}

CONTINUE

PART 4, BEGIN A NEW RUNGA-XUTTA STEP, THIS ALSO GIVES DERIVATIVES

FOR THE LOWER ORDER INTEGRATIDN CHECK.
ASSIGN 20 TG N

GD TO i4

GD TQ NSTART,{27,23,21)

PARY 5. STARTING PHASE PROGRAM,

PART SA. THIS SECTION COMPLETES THE FIRST STEP OF STARTING

ASSIGN 23 TU NSTART
DD 22 J=1,NEQ
OLDINC{J}=XINCLJ]
XINCUJ) =0,
XDOYPM{J,2) = X0QTEJ)
CONTINUE

GO0 YO 1t

PHASE.



< PARY 5B, MAX ERROR TEST—--STARTING DNLY-~CHECK THE MAX ERROR AND
< EITHER ENTEX RUNNING MODE OR REPEAT START WITH SMALLER STEP.
23 00 24 J=2,NEQ
26 XINC(J} =(XINCIJ}+OLDINC(J))#3.-1XDOTPMIJ,1)+XDOTPMI[1,2) 04,
1¢X00T(J) 1 eDELT
240 CALL ERRORZ
25 IF{E2-ERLIMT) 26,26,56
26 ASSIGN 27 TO NSTARY
ASSIGN L1 Tu IBEGIN
Al = A2
60 TO 31

PART 6. RUNNING PHASE PROGRAM,
PART 6A. CHeCK THE INTEGRATION BY INTEGRATING QVER THE LAST
RUNGE KUTTA STEP BUT USE DDTS FOR LAST TWO ENTERVALS, OLDDEL
AND DELY RESPECTIVELY. STATEMENT 28 IS THE LOWER INTEGRATION
MINUS RUNGE-KUTTA INCREMENTS. ERRORI COMPUTES THE MAXIMUM RELATIVE
ERROR AND STATEMENT 29 TESTS THIS ERROR AGAINST THE LIMIT VALUE.
27 RATIO = DELT/O0LODEL
HFACT=DELT/{1.+RATIO}
ACOEF 1=-RATIC»RATIO®HFACY
ACOEF2*RAT10»(DELT+3.20L0DEL}
ACOEF3=DELT+0ELT+HFALT
DO 28 J=2,NEQ
28 XINC([J) = ACCEF1eXDOTPMIJ, L) +ACOEF2eXDDTPM(J42)~b.oXINCIJ)
L+ACOEF3¢x0Q7{J)
280 CALL ERRORZ
29 IF (E2-ERLIMT) 30,30,57

[aNaRaRaNaN oK al

PART TA. LAST POINT DKAY. COUNT THE REVOLUTIONS PAST THE X-AXIS.
A STEP GREATER THAN 1/2 REV. MAY FAIL TO ADD IN.
30 HMZ = QELT
31 QMAX = MAX1F{Q,QMAX)
IF{RBL{2)) 3¢,34,34
32 GO TO NREvl, {37,33)
33 ASSIGN 37 TO NREVL
ASSIGN 35 Tu NREVZ
60 70 37
34 GO YO NREVZ, (37,35)
35 ASSIGN 33 TO NREV]
ASSIGN 37 TO NREV2Z
36 REVS = REVS + 1. _
37 IF (xABSF{IMDDE}-1) 42,38,42

[aRalal

caOon

TO ¢ OR - PI TO MAINTAIN ACCURACY IN SIN-COS ROUTINES.
38 IF (EMONE] 39,42,42
39 DO 4L J=4,7,3
ADJZ=INTFIXPRIM(J,2)/6.28318532¢SIGNF(.5,XPRIFTS, 2101
IF (ADJ2) 40,41,40 T —
40 ADJ3 = -ADJ2#6.28125
400 CALL EXADDIXPRIM(J,2),XPRIMBIJ,2),ADJ3}
ADJ3=-ADJ2+.0019353072
401 CALL EXADD(XPRIM{J,21,XPRIMBIJ,2),A0J3}
41 CONTINUE

PART 7C. ADVANCE THE REMAINING PARAMETERS, FIND NEW STEP SIZE.
AND TEST FOR AN ORIGIN TRANSLATION.
42 00 43 K=1,1
XWHOLE (K] =v¥X{K)
43 XWHOLE(K+3) = RBIK}
00 44 J=1,NEQ
XDOTPM{J,1) = XDOTPHMI{J,2)
XDOTPM(J.2) = XDOTIJ}
XPRIM{Js1) = XPRIM{J,2)
XPRIMB{Js1] = XPRIMB(J,2)
XINC(J) = Q.
44 CONTINUE
OLDDEL = DELT
45 CALL STEP
IF (DONE] 67,450,67
%50 IF (NSTART] 451,1,451
%51 IF (MBODYS) 46,47,46
46 CALL TESTTR
IF (TRSFER} l147,1

[aNaXal

47 IF (XABSF{IMODE}-3) 11,48,11
c
< PART 70. [F IN TEMPORARY RECTANGULAR CODOROINATES, TEST FOR RETURN
< TO ORBIT ELEMENTS. FIRST, £ IS FOUND. IF TIME HAS NOT ADVANCED
4 SUFFICIENTLY, INTEGRATION CONTINUES IN RECTANGULAR VARTABLES {STATE.
€ STATEMENT 49 DETERMINES IF KEPLERS EQUATION CAUSED IMODE = 3. IF NOT,
C AN E CLOSE 7O 1 CHECK IS MADE [N STATEMENT 50, [IF IT 01D, RECTANGULAR
c VARTABLES wILL BE USED [F THE LIMIT 1§ TOO SMALL [STATEMENT 52}, OR
[ IF E IS 5 OR GREATER [STATEMENT 53) OR IF THE PATH LIES CLOSE 7O AN
c ASYMPTOTE {STATEMENT 551,
48 CALL CONVTL (vX,AMC)
EXMODE=SQRTF(1.+AMSQRD/GK2M* [VSQRO/GK2ZM-2./R} )
EMONE=EXMDDE-1.
IF [{XPRIMI1)-TTEST)DELT) 11,11,49
49 [F [ASYMPT) 51,50,51
50 IF {ETOL-ABSF(EMONE)] 55,11,11
51 IF{EMONE} 55,55,52
52 [FICONSTU-1.E-T7) 11,53,53
53 IF {EXMODE-5.) 54,11,11
54 CALL CONVT2
IF (ABSFITRUI-2.2/SQRTF{EXMODE)) 55,55,11
55 ASYMPT = 0.0
IMCDE=~2
555 CALL TESTTR
GO 70 1
C

PART 7B. IN ORBIY ELEMENTS. ADJUST ARGUMENT OF PERICENTER AND MEAN ANDMALY

57
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PART 8. COMES HERE WHEN ERROR TEST FAILED--U0TH STARTING AND RUN.

RETRIEVE OLu POINT AND RECOMPUTE WITH SMALLER INTERVAL.

IF TwO CONSECUTIVE TRYS FAIL (STATEMENT 59) THE STARTING SEQGUENCE OCCURS.
56 ASSIGN 1 TO IBEGIN
57 DO 58 J=1,NEQ

XPRIM(J,2) = XPRIM(UJ41)

XPRIMB({J,2) = XPRIMB(J,L}

XDOT(4)=XDOTPMEJ,2)

XINCIJ}= 0.

5

CONT INUE

STEPNO=STEPNO+l.
HZ = DELT
DELV=SIGNF({cXPF{IERLOG-A2}/5.),0ELT)

A2

=A

1

59 IF (FAIL-STEPGO} 60,61.60
60 FAIL = STEPGO
60 TO IBEGIN, (11,01}

&

P

ASSIGN 1 TO IBEGIN

IF {STEPNU + STEPGOD - STEPMX) 82,62,45
62 GO TO [BEGIN, [l1,1)

PART 10. PRINT OUT THE ERROR INFO. IF EREF HAS A - SIGN. THEN RETURN.
&7 IF (EREF) 68,72,72
6B WRITE QUTPUT TAPE 6,70
REWIND 4
DO 69 I=1, INDERR
READ TAPE 4, BEX
69 WRITE QUTPUTY TAPE 6,71,BEX
REWIND 4
INDERR = O
70 FORMAT{TH1 STEP,6X,4HTIME,6X,4HDELT,TX,2HA2,8%,2HE2,TX,4HMASS,5X,
TAHE , VX, 4 X, BHOMEGA s VY 2X BHNODE S VZ 43X 6HINCL s X 5Xp 4HMA, ¥, 6X,3HP 2,
2hXyIHR/ /)
Ti FORMAT(FS.,lH+F3.,1P11610.2,12)
T2 RETURN
END

SUBROUTINE ORDER

THIS ROUTINE VTAKES THE BODY LIST READ FROM CARD3 AND SORTS THEM IN
OROER S0 THAT THE DISTANCE FROM THE REFERENCE TO EACH BOODY IS
DEPENDENT UPON ALREADY COMPUTED DISTANCES DNLY.

ELLIPSE DATA ARE READ INTO A BLOCK OF 120 STORES RESERVED FOR
TEN ELLIPSES. ONE ELLIPSE IS READ INTO & 12 STORE BLOCK.

THE SINES AND COSINES OF THE 3 ANGLES ARE COMPUTYED ANO STORED
IN THE TDATA ARRAY ALONG WITH THE REST OF THE ELLIPSE DATA.

A BLOCK IS ARRANGED AS FOLLOWS®

{1

NAME OF BODY IN BCO,QONLY & CHARALTERS.

(2) = NAME UF REFERENCE ©00Y IN B8CD,SAME RESTRICTION.

{3) = MASS OF THE BODY IN SUN MASS UNITS.

(4) = RADUIS INSIDE DF wWHICH COORDINATES WILL BE TRANSLAYED TO THIS BOODY.

(5) = SEMILATUS RECTUM IN ASTRONCMICAL UNITS.

(6) = ECCENTRICITY OF THE ORBIT.

(8) = LONGITUOE OF ASCENDING NODE.

{7) = ARGUMENT OF PERIHELION.

{9) = INCLIMATION OF THE ORBIT.

{10)= PERIGEE PASSAGE JULIAN DAY,

{11)= PERIGEE PASSAGE FRACTION OF DAY.

(12)= PERICD OF THE ELLIPSE IN MEAN SOLAR DAYS.

AMASS = MASS OF EACH BODY, SUN MASSES. ORDER OF PNAME,

BMASS = SELECTED FROM AMASS. CORRESPONDS TO BNAME LIST.

BNAME = THE ORDERED LIST OF BCD 800Y NAMES. CAN BE USED IN OUTPUT.COMMON.

BODYCO = The ORIGINAL BLD NAMES READ FROM CARDS.

BODY L = THE LIST OF BCD BODY NAMES WITH THE REFERENCE 80DY AT TOP.
INITIALLY EQUAL TO BODY CARD LIST (BQDYCDI.

1B00Y = ARRAY OF SUBSCRIPTS, WHEN A DISTANCE IS FOUND FRDOM EPHMEMERIS, IV
MAY BE ADDED {OR SUBTRACTED) FROM THE BODY POSITION GIVEN BY
XPLIB00Y) TO OBTAIN THE PODSITION OF THE PRESENT BODY. COMMON.

KZERQ = COUNT QF ZERQ REFERENCES. THERE MUST BE ONE AND ONLY DKE ZEROU.
FROM LOCATION IN BNAME LIST. NDT IN COMNON.

MANE = ARRAY QF SUBSCRIPTS. [INVERSE OF NAME. GIVES NEW LOCATION OF
BNAME LISY IN TERMS OF BOODYL. NOT IN COMMON.

NBODYS = COUNTED INTERNALY. TOTAL NUMBER OF BODYS.

MBODYS = COMPUTED INTERNALY. TOTAL NUMBER OF EPHEMERIDES (NBOOYS-1l.

NAME = ARRAY QF SUBSCRIPTS. GIVES DLD LOCATION OF NAMES [N BODYL

NEFMRS = ARRAY OF SUBSCRIPTS. GIVES LOCATION OF BOOY IN PNAME LIST

IN TERMS QF THE EFMRS LIST. STORED IN COMMODN,

NREFER = ARRAY OF SUBSCRIPTS, LOCATES THE REFERENCE BOODY IN BODYL.

DRUER OF THE ARRAY CORRESPONDS TO B0DYL. NOY [N COMMON.

NNREFR = ARRAY OF SyBSCRIPTS. LIKE NREFER 8uT REFERS AND CORRESPUNDS TO

BNAME LIST. NOT IN COMMON.

PNAME = A PERMANENTY LIST OF BCD BODY NAMES. 1 WCORD EACH {6 CHARACTERS
MAX). USED TO IDENTIFY MASS, REFERENCE NAMES, ETC. THE LIST IS
A MAXIMUM OF 30 NAMES. PRECISION TAPE NAMES ARE FROM 1 TO 20,
ELLIPTIC NAMES ARE FROM 21 TO 30.
REFER = A PERMANENY LIST OF BLD BODYS THAT ARE THE REFERENCES OF
DISTANCES GIVEN IN EPHERMERIDES (TAPES OR ELLIPSE). CORRESPONDS
TO PNAME LIST.
CONMON C
DIMENSION A{600}, BI700}, C[4000),
i AMASS {30}, BMASS {(8), BNAME [8),
2 BOOYL {8}, EFMRS (73, TBODY (8},
3 MANE 18}, NAME (8), NEFMRS (8},
3 NEFHRT (8], NNREFR (8}, BODYLD (8},
4 NREFER (8), PNAME (30), RBCRIT 17},
5 RCRIT (30}, REFER (30}, TDATA [18,71,
& TDEL (71, TIM (T}, ELIPS (1201},
? NOUD (91}, XPRIM [200)
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EQUIVALENCE
1(a

’ { 11)},lAMASS ,4 [ 347)),{ATHN ,A { 213,
2(AU ) { 294),1(8 2 C 11111)), (BMASS ,B { 1374},
3(BNAME ,B { 122)1),(BGOYCD,A [ 143)),1BOLYL ,B { 153) ),
4{EFMRS 48 1300}, [ELIPS ,A [ 1671} ,(FILE ,B { 224}y
S(GK2M ,B { 36)1),(GKM +B { 37)),{1BUDY ,B t 177)),
5(MBOOYS,B { 42]1},(nN8ODYS,B {  41)},(NEFMRS,B { 1B5)),
TIPNAME ,A { 28711, [RATMOS,B { 23)3,(RATM ,A 22},
B[RBCRIT,B { 14503, (RCRIT ,4A { 377))(REFER ,A (3174},
9(RE s A { 25}),(RESQRO,B { TH), (REVOLV,B {210
EQUIVALENCE
L(ROTATE, A { 39}}),(5P0D 1A { 44)),{5QRDK1,A { 4Thi,
2(SQRDK ,8 { 3511,(TDATA ,8 { 265)),{TOEL ,B t 1704),
3(TFILE ,A { 611, (TIM s 8 [ 163)),(TRSFER,B ( Bhi,
&[XPRIM ,C ¢ 7113}, 100UTPOT,B [ 399))

EQUIVALENCE (MANE(11,NDULIZ))

THIS SECTION SEES WHAT ELLIPSE OATA wAS READ FROM CARDS AND PUTS THE
NAMES IN PLACE SO THAT DaTA wWILL BE USED IF NEEDED. ELLIPSE DATA HAS
PRIDRITY OVER TAPE DATA oECAUSE LAST DATA IN LIST IS THAT ACTUALLY USED.
FUNCTION COMPARF{A,81 IS EQUIVALENT TO (A-B) BUT WILL NOT OVERFLOW.

COMPARF(A,8) = (A+Ble{~-(A2B))
0D 2 K=1,120,12

IFIELIPSIK)) 142,41

KOUNT = (K=11/12+21
PNAMEI[KOUNT) = ELIPS{K}
REFER{KOUNT) = ELIPS{K+1}
AMASSIKOUNT) = ELIPS{K+Z}
RCRITIKOUNT) = ELIPS({R+3}
CONTINUE

-

~

PART 0. THRUW AWAY BLANKS AND DUPLICATES IN BNAME LIST.
ALSO COUNT THE BODIES.

IF [TRSFER) 4,3,4

BNAME(1) = 800YCD(1)

DO 5 K=1,8

BNAME(K+1)= BODYCD(K]

W

=1
BODYL(OQ) = Q.
0O 8 I=1,9
BODYL(I) = 0.
DO & Ksl,L
IF [COMPARF (BNAME{Il, BODYLIK=1))) 6,746
CONTINGE
BODYLI{L) = GNAME(I)
L = L+l
BNAME(I} = 0.
CONTINUE
NBODYS = (-1
MBODYS = NBUOYS-1

o

|~

PART 1. FINU THE REFERENCE BODY FOR EACH BODY IN THE LIST OF BOODYS
REAU FROM CARDS. CLEAR NREFER AND BNAME.
DO 13 KL=1,NBODYS
NREFERI[KL) = 0O
NEFMRTIKL} =0
BNAME (KL} = 0.
DO 12 KP= 1,30
IF (COMPARF(BOOYLIKL),PNAME{XP}}) 12,9,12
NEFMRTI(KL) = KP
bo 1t KR = 1,8
IF {COMPARF{REFER{KP),BODYLIKR}}} 11,10,11
10 NREFERIKL} = KR
11 CONTINUE
12 CONTINUE
13 CONTINUE
PART 2 . COUNTS 0 REFERENCES AND SAVES TEMPORARY SET OF INDEXS.
14 IF {NBODYS) 24,24,15
15 XKZERQS = O
MISPEL = O
00 20 K = 1,NBODYS
NNREFR{K) = NREFER(K])
16 IF (NEFMRT{K)}} 18,17,18
17 MISPEL = MISPEL ¢ 1
18 IFI{NREFER{K}) 20,19,20
19 KIERCS = KIERDS ¢ |
20 CONTINUE
21 IF IKIERDS- 1) 24,22,24
22 IF {MISPEL} 24,23,24
23 IF (NBODYS-8) 28,28,24

L]

PART 3 . REPCRTS ERRORS IN BODY LIST.
24 WRITE CUTPUT TAPE 6,25 ,NBODYS,MISPEL,KZEROS,{BODYL{K),K=],NHODYS]}
WRITE CUTPUT TAPE 6,26 {NREFER{K],K=1,NBODYS)
WRITE QUYPUT TAPE 6,27 +{K,yPNAME(K),REFERI(K),K=1,30}
25 FORMAT {26HOGOOFY 80DY LIST (NBODYS =IZ2,13H, MISSPELL =12,
1 11H, KZEROS =12,1H)}/11HOBODYLISY =B{3X,A6))
26 FORMAT {11H NREFER =16,719)
27 FORMAT {/5(3H K3X,4HBODY4X,SHREFERSX,)/5113,2X,A6,2X,A6,5X))
CALL EXIT

PART 4, TRACES OUT ,.REFERENCE TO BODY.. RELATIONSHIPS
28 KK = 2

KN = ]

NAME(Ll) = |
29 IF (NREFER{KN)) 24,31,30
30 NAMEIKK} = NNREFR(KN)

NNREFR{KN} = ©

KN = NAME{KK)

KK = KK + 1

GO TO 29
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PARY 5. TRACES OuUT ..BODY TO REFERENCE.. RELATIONSHIP
31 D0 34 KN = 1,NBQDYS
DG 34 K = 1,NBODYS
32 [F [NNREFR{K) - NAME(XN]} 34,33,34%
33 NAMEI[KK} = K
KK = KK ¢ 1
34 CONTINUE

PART &. INVERTS NAME TO MANE,STORES BNAME, BMASS, RBCRIT, AND A
TEMPORARY NEFMRS.

DO 35 K = 1,NBODYS
N = NAME(K)
MANE(N} = K
NEF = NEFMRTIN]}
BNAME(K) = PNAME{NEF]
BMASS(K} = AMASS{NEF)
RBCRIT{K] = RCRIT{NEF}
NEFMRS{K] = NEF

35 CONTINUE

PART T. FINuS NNREFR REFERENCE FOR BNAME LISTY 4, ALSO TEMP, IBODY
00 365 KX = }, NBODYS
N = NAMEIX)
NRF = NREFERIN)
NNREFR{K]) = MANE(NRF)
36 IBCOY(X) = MANEUINRF}

PARY 8 . FINDS [BODY FOR BACKWARD REFERENCE.
DO 39 X=1.8
37 1F{NNREFR{K}} 24,40,38
38 N = NNREFRIiK}
I18ADY{N) = -K
39 CONTINUE
1800Y LIST 1S COMPLETE.

PART 9 . WRITES OQUT EPHEMERIS LIST TO BE USED IN STORING DATA AND
MAKES FINAL NEFMRS LIST.
40 KK = 1
DO 43 K=1,NBODYS
41 IF{NNREFR{K}] 42,43,42
42 EFMRS{KK) = BNAME(K]
NEFMRS{KK] = NEFMRS(K)
KK = KK + 1
CONTINVE
NEFMRSINBODYS! = 0

4

w

PART 1D. SAVES ELLIPSE DATA
FILE = O,
IF {MBODYS) 430,480,430

430 DO 4B K=1,Ms0DYS

44 IF{NEFMRSI{K)}-20) 47,47,45

45 D0 46 J=5,12
L= [NEFMRSIK} -~ 21) & 12 +J

46 TDATA[J-4,K) = ELIPSIL)
DO 50 J=7,9
L = [NEFMRS(K)=21)#12+)
TDATA[J+#2,K} = SINFLELIPS(L))

50 TDATA(J+5,K) = COSFLELIPSIL)}
GO TO 48

PART 10A. LOADS A FALSE (VERY EARLY) TAPE TIME TD FORCE TAPE
READING BY THE EPHMRS ROUTINE. FILE = O UNLESS TAPE IS USED.
47 TDELIK) = 0O
TIRIK} = 2400000.5
FILE = 10.
48 CONTINUE

PART 11. COMPUTE GRAVITATIONAL CONSTANTS. 1.9866 E¢30 = KILOGRAMS/SUN MASS
IF ORIGIN BGDY HAS AN ATMOSPHERE, SET ROTATION RATE ANO ATMOSPHERE RADIUS.
POSITION THE EPHEMERIODES TAPE AT THE BEGINNING OF THE CORRECT EPHEMERIS

BY MATCHING THE EPHEMERIS NUMBER READ FROM TAPE (FILE) wITH THE DESIRED
EPHEMERTS NUMBER (TFILE).

480 RESQRD = REse2
SQROK = SQRUK1wAURe3/5PDes?
GK2M = SQROK*{BMASS(1) + XPRIMI2}/1.9B66 E3D}
GKM = SQRIF{GKZM)
REVOLY = O,
RATMOS = Q.
IF (ATMN-BNAME(1)) 51,49,51
49 REVOLY = RQTATE
RATMOS = RATHM
51 1F (FILE) 56456,52
52 CALL BSFILE(Y)
53 READ VAPE 3, FILE
IF (FILE-TFILE) 54,56,55
54 CALL SKFILE(3)
G0 70O 53
55 BACKSPACE 3
BACKSPACE 3
GD 10O 52

PART 12. WRITES THE BNAME LIST ON TAPE &

56 IF (QuUTPOY) 58,59,58

59 WRITE QUTPUT TAPE 6,57,BNAME(L), (BNAME(IK),K=2,NB0O0YS)

57 FDRMAY (19HOREFERENCE BODY [S A6,5X,23H PERTYURBING BODIES ARE
1 Ti2X4A6))

58 RETURN
END



SUBROUTINE OBLATE
C THIS SUBROUTINE COMPUTES THE DBLATENESS ACCELERATIONS (OBLAT) DUE TO AN
c AXJALLY SYMMETRIC EARTH. THE 2ND, 3RD, AND 4TH SPHERICAL HARMONIC COEFF.
c ARE OBLATJ, O8LATH, AND OBLATD RESPECTIVELY.
c
[

COMMON C

DIMENSION A{600), B(700), C{4000},
1 R8{3), 0otlAT(3}

[
EQUIVALENCE
1(A o C { 1DI.1(8 +C (I111)),(GK2M ,B { 361,
2{0BLATJ, A U 26)),108LATD,A [ 27)),(0BLATH,A i 281},
3{0OBLAT ,8 { 75) )R 8 [ 102)),(R8 '8 { 193},
4 (RE 1A { 25)),1RSQRD ,B [ 45}),(RESQRD,B { 71}
[+
AA = RB{3]/R
AB = AAsAA
IF (ABSF{AA)-1.E-5) 1,1,2
1 AA=O,
AB=0.
2 AC = RESQRD/ASQRD
AD = GKZM/RSQURD/ReAC
AE = OBLATJeAD
AF = OBLATHeAD+RE/R
AG = OBLATO=AD=AC
AH = AE&{5,AB-1.)+AFe{7,AB-3.)sAA+AGe{6.AB~F.AB*#2-0.46285T714286)
CBLAT{1) = AHeRB(1}
OBLAT(2} = AHeRB(2]
OBLAT(3) = (AH-2.AE+AG*(4.AB~1.714285714))+RB{31-AFe{3.4B-0.6)eR
3 RETURN
END
SUBROUTINE DUTPUT
[ ENTS AND RECTANGULAR COORDINATES ARE OUTPUTTED. IF THE OBJECT IS NOT wITH
c THIS 15 THE RUUTINE wHICH FORMS THE BASIC DATA QUTPUT. uOTH ORGIT ELEM-
C IN AN ATMOSPHERE (PRESS=0.), ONE LINE OF DATA 1S DELETED. LIKEWISE,
C ONLY THOSE PERTURBING BODIES PRESENT HAVE THEIR DISTANCES QUTPUTTED.
c
COMMON C
c
OIRENSION A{600), B(T700}, C{4000),
R {8)y ORBELS (6), VATN {3),
2 BNAME (8}, RB(3,8), DIRCOS(3,8),
3 XPRIM (200}, RAMC (5}
c
EQUIVALENCE
{A +C { 11)),(ALPHA ,A { 49)),1ALT v A [ 41),
2(AMC +B { 871),(AM '8 { 90)),(AREA ,B ( 6)),
3{BNAME ,8 { 122)),1(8 »C (11110),(CD s A { 1650),
&{CL 1A { 164)),(COSALF,B ( 48)),(COSTRU,B { 531,
S{DTOFFJ, A { 23)1,(H2 »B { 15)),{IHODE ,a { 11},
6(MBODYS,8 { 42)),(NBOOYS,B ( 41)),{0ORBELS,B { 1161},
T{PRESS ,B { 3311.(P 8 ( B4} ), {(PSI 1} { 301},
B{PSIR ,B { 398)),(PUSH ,A [ 16611},1Q »8 { 5911,
9{RAMC ,B { 393)),(Rs +B8 [ 1931}, (REVS 4 { 487}
EQUIVALENCE
1{R +B { 102)),(SINALF,B { 461),(SINTRY,B t 52)1,
2{STEPGO, A ( 41}),(STEPND,A [ 42)),(TABLT ,8 Ut 201),
3(TRY sB { 40)),({VATH ,B { 971h,IVQ '8 { 100}),
4ty «8 { 95)),{vx B { 92)1,1(vy +8 ¢ 93)),
5{vZ »8 U 941),IXPRIM ,C { TLE)),(OUTPOT,B { 399))
C
DAYJ={DVOFFJ=-2.4E6)+TABLT
ALPHAL = ALPHA#57.29577951 i
REV = REVS+ARCTAN(-RB(2),-RB(1))/6.28318532 ¢+ .5
16 CALL CONVTL{VX,AMC}
IMODE=IMODE
GO YO {241y1},IMODE
1 CODE=6HRECTAN
18 CALL CONVT 2
GO TO 4
2 D0 3 K=1,6
3 ORBELSIK) = XPRIM{K+2)
CODE=5HORBIT
TRU=ARCTANISINTRU,COSTRY)
4 PSI = ATANFL(RBIL)#VX+RB(2)eyY+RB(3)6VZ)/AMIST.2957795
IF {(OUTPOT) 19,6,19
& WRITE QUTPLT TAPE &, 11,STEPGD,STEPNO,ORBELSIL),ORBELS(2),V,R{1},B
ENAME(1),CODE, IMCOE,XPRIMIL1) ,ORBELSLS), TRU, VX, RB( 1}, XPRIN{2},DAYJ,0
2RBELS(5) ¢ORBELS{3),VY,RB(2),REV,ALPHAL,PST,DRBELS{4},VL,RB(3),H2
C
[ IF WITHIN AN ATHMOSPHERE COMPUTE DRAG, LIFT, G, ET(., AND PRINT EXTRA LINE.

19 IF {(PRESS) 5,7,5
5 XIFT = QrAREAeCL

ORAG = QrAREAeCD

G = {PUSH-DRAGeCOSALF+XIFTeSINALF}/XPRIMI2)/9.080665
17 CALL CONVTLIVATM,RAMC)

PSIR = ATANFU{RB(LIoVATH{1)+RBI2}aVATM{2)+RB{3)eVATMI3I))/RAMC{4] )

1 57.2957795

IF (OUTPOT) 7,14,7
14 WRITE OUTPUT TAPE 6,12,ALT,PSIR,DRAG,VQ,G6,PUSH



< IF PERTURBATING BODIES ARE PRESENT, FIND THEIR OISTANCES ANO PRINT THEM.
* 7 IF(MBODYS) 8,10,8
8 DO 9 J=2,NBUDYS
DD 9 K=i,3
9 DIRCOSIK,J) = =RB(K,J}/R{J}
IF (QUTPOT) 10,15,10
15 WRITE QUTPUT TAPE 6,13,
LIBNAME{J),R{J),0IRCOS(14J},0IRCOS{2,4}+DIRCOS(3,4),J=2,NBODYS}
10 RETURN
11 FORMAT{&HOSTEP=Fé.,2H +F4.,3X, 1IHECCENTRICITY=1PG15.8,7H OMEGA=GIS5
1.8¢4H VaG15.8,3H RaG1l5.8,7H REFER=AL,1X,Ab,12/6H TIME=1PG14.7,14
2n SEMILATUS R.=G15.8,7H TRU A=G15.8,4H YX=G15.8,3H X=G15.8,7H RMAS
35=G15.8/9H JOAY= 240PF10.4,154 MEAN ANOMALY=1PGl5.8,7H NODE=G15.
48,4H VY=615.8,3H ¥=GI15.8,7H REVS.=G15.8/6H ALFA=G14.7,14H PATH A
SNGLE=xGL15.8,7H [NCL=G15,8,4H Y2=G15.8,3H 7=515.8,7TH DELT=G15.8)
12 FORMAT(&6H ALT.=1PGl4.7,14H R PATH ANGLE=G15.8,TH DRAG2G15.8,4H VR
1=G15.8,3H G=Gi5.8,7H PUSH=G15.8}
13 FORMAT{2(1X,A6,3H R=1PGL14.7,0P3F10.6,11X))
END

FUNCTION QuUAD [X,1C)

< THIS ROUTINE COMPUTES ANY VARIABLE, QUAD, AS A QUADRATIC FUNCTION DF X.
c QUAD = A + BX + CXX. THERE MAY BE SEVERAL SEYS OF COEFFIENTS, EACH SET
[ BELONGING TU A PARTICULAR REGION OF X. THE COEFN ARRAY IS ARRANGED AS --
. c X1eALoBLloClyX2,42,82,02,X3,A3,B3,0L3,X%y cavwasssrveves
C WHERE Al,B8l,C1 ARE THE COEFFIENTS TD Bf USED FOR X BETWEEN X1 AND X2,E7C.
[ AND X1 IS5 LESS THAN X2, X2 IS LESS THAN X3, X3 IS LESS THAN X4, ETC.
C IC IDENTIFIcS WHICH DEPENDENT VAR[ABLE, QUAD, IS BEING SOUGHT.
c 1CCLIC) DEFINE THE STARTING LOCATIONS IN THE COtFN ARRAY FOR VARIABLES X.
COMMON €
[
UIMENSION A[608), B(T0C), CL4000},
1 COEFN{L90), ICCL5)
<
EQUIVALENCE
1Ha oC { 1i)),(8 ' C {11L1)),{COEFN ;A { 40710,
2(1¢C 1A {153
[
I=1CCLIC)
1 IF (X-COEFN({I}) 2,3,3
21 = 1-4
GO 1G )
3 IFIX-COEFN{I+4}) 5,54
6 [ = [¢4
GD YO 3
5 QUAD = COEFNI{T+1)+Xe{LOEFN{I+2)+XeCOEFN(T+3))
1CC(IC)=1
RETURN
END
SUBROUTINE STAGE
[ THIS ROUTINE IS CALLED TO PREPARE DATA FOR USE IN NBODY. STAGE DATA 15
[ TAKEN FRCM PERMINENT STORES ANC LOADED INTO WORKING STORES. STAGE 0ATA
C MAY BE SET ASIDE FOR LATER USE {IF ON NSAVE-NSTAGE). WHEN IMODE IS 4,
[« CONVERSTON FROM EARTH-SPHERICAL TO RECTANGULAR OR ORBIT ELEMENTS TAKES
< PLACE IN TUDES.
[
COMMON €
[
DIMENSION A(600), B(700}, CL4000)},
1XPRIM{ 200} ,XPRIMB{200) ,TB{10),FLOW1(10),AEXITL{10),SINPLILO),
2AREAL{10},DELTL{10),10ENT{10),TABLE(200},RMAS51110),D(600)
C
EQUIVALENCE
10A +C € 11)),1AEXIT .8 { 3}, {AEXITL,A ( 103)),
21AREAL ,A { 113)),{AREA B { 611,18 1 {11114},
3(DELTL ,4A { 133)),(DELY 4B { i1, {0 ' C (211000,
4[DEL 1A { 43)),(DELMAX,A { 19)),{D0NE ,B t 3941,
SLEREF A { 13)),[ERLQCG ,B C L71),{EXITA 4B U 39211,
6(FLOW ,B { $)), {FLOWL ,A { 83)),{IDENT ,A ( 12311,
T(IMODE A { 1)), {LSTAGE,A {  38)),{M000UT,A ¢ 20}),
8(NCASE ,C [ 1)), [NCASES, 4 { 600)),{NSAVE L ( 411y
9(NSTAGE, A 4 3)11,PUSHO ,B { 391)){AMASSL,A t 73N
- EQUIVALENCE
. 1(SINPL ,A ( 93)1,[SIMP B { 2)),1078 A { 631,
2(TABLE +C (1911}), [ TRICK A { 15)),{TMAX ,B { 413,
3(TI0L LA { 4501, (XPRIMB,C t 9L1) T, {XPRIM ,C { T1ihE,
4(RETURN, B { 4001),(0UTPOT,B { 399}
c
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PART 0. SAVE INITIAL UATA IF DESIRED. LDAD STAGE DATA [NTO WORKING
STORAGE. ALLOUW ADDITIONAL STAGE INPUT,
IF (DEL) 100,99,100

DEL = DELMAX-TKICK

1F {NSAVE-NSTAGE) 103,101,103
NCASES = NCASE

00 102 J=1,1100

DlJy = ACJ)

1F {OUTPQOT} 103,97,103

WwRITE QUTPUT TAPE 6,98,NSTAGE,NCASE
FORMAT{29H LAVED INITIAL DATA FOR STAGEI2,8H OF CASEI&4,1H.}
NSTAGE = NSTAGE

TMAX = XPRIM(L1}+TBINSTAGE}
XPRIMBIZ} = 0.

IF {RMASSL{NSTAGE}! 117,117,118
XPRIM(2) = XPRIM[Z2}+RMASSIINSTAGE)
GO TO 119

XPRIM{2) 3 RMASSLIINSTAGE)

FLOW = FLOWlINSTAGE!

SIMP = SIMPLINSTAGE)

AEXIT = AEXITIINSTAGE}

AREA = AREALINSTAGE)

DELT = DELTLINSTAGE}

10 = JOENTINSTAGE!

CALL INPUT {ID,L,TABLE)

ERLOG = LOGFUABSF(EREF)}

TYOL = SE-8#aBSF(TMAX)+1E-B

PUSHD = STMPeFLOW®9,80665

EXITA = AEX[Tel00.

MODOUT = MOLODUT

IF (DELT} 105,104,105 4
DELY = TBIN>TAGE}/100.
DELTIINSTAGe) = DELT

G0 7O [109,106,106,109), MODDUT

IF {DEL-CELMAX) 108,108,107

DEL = MODF{JEL,DELMAX]

IF (DEL) 114,109,114

DELT = MINLF{DELY,DEL]

IF {XABSFIIMOOE)-4) 1,110,1

CALL TUDES

IMDDE = XSIGNF{2,1MODE)

CALL N8ODY

CALL EXTRAS

PART 9, COMES HERE FOR END OF SUB TRAJECTORY.

1F (DONE) 113,111,111

OONE = 0.

IF (NSTAGE~-LSTAGE) 112,115,115

NSTAGE = NSTAGE+L

Ga YO 100

DONE = 0.

CALL EXTRA

IF (RETURN] 103,116,100

RETURN

END

SUBROUTINE STEP

UBROUTINE STEP TESTS FOR THE END OF THE PROBLEM, COMPUTES STEP 51i2E, AND
ONTROLS QUANTITY OF DUTPUT DATA, END QF PROBLEM UCCURS IF TIME = TMAX,
STEPGO+STEPND = STEPMX, OR C{LDOKX} = XLOOK. THE LAST OPTION ALLOWS STOP-
PING ON A DLPENUENT VARIABLE. THE TESY FOR STOPPING AT XLOOK 15 NOV MADE
UNTTL CILOUKSW) 15 GREATER THAN SWLOOK. CONTROL UN QUANTITY OF OUTPUT IS

MDDOUT=1 QUTPUT EVERY NTH STEP(N=STEPS) UNTIL TIME = TMIN, THEN
GO TG MODE 2 .

2 OuTPUT AT INTERVALS OF DELMAX UNTIL TIME = TMAX.

3 QuTPUT AT INTERVALS OF DELMAX UNTIL TIME = TMIN, THEN
GD TQ MODE & .

4 QUuTPUT EVERY NTH STEP UNTIL TIME = TMAX.

CCOMMON C

DIMENSION A{600}, BL700), Cl40004,
1 XPRIMI2GO1, DELTL {10}

EQUIVALENCE

LA »C [ SO RERY PY B { 10}}1,042 '8 {11 ),
2(8 ' C (1111} ), {DELMAX,A t 19)),1DEL s A {430,
3[DELT ,8 { 1)1,{DONE ,B t 39)}1,.1E2 '8 { 181,
4(END A { 5) ), 1ERLGG +B f 173, (H2 1] {1510,
SUINLCOX,A { 5991}, 1LOOKSH,. A ¢ 9) ¥, [LDOKX A 1 B1),
6{MOD0UT, A { 20)),INSTAGE,A i 3)),[DELTL ,A {1331,
T(RATIO B { 58)}1,(SIGNAL,B [ 31)),{SPACES.8 [ lé&th,
BISTEPGU, A { 41)),(STEPMX,A {1 16)),(STEPNG,A U 42]1),
9(STEPS ,A [ 173}, (5wLOOK,A ( 10)),({TABLE ,C [E9114}

EQUIVALENCE

1{TMAX ,B ( 4)) 4 {TMIN LA ( 18}),(TTOL .4 { 45}},
2{XLO0K ,A (1213, IXPRIM ,C L 7111),IXTOL A C 1ihd,
J{NSTART,B { 24))4USNITCH,A (60111, (QUTPOT,B { 3991)

CHECKF{A,8,C) = ABSFLA-B) - ABSF(A-C)

PART 1. TEST FOR END OF THE PROBLEM (MAXIMUM PRUBLEM TIME OR MAXIMUM
NUMBER OF STEPSI.

STEPGO = STEPGQ + 1.

ouT = QUTPOT

IF {(ABSF(TMAX-XPRIMIL})-TTOL) 1,1,3

DONE = 1.0

CALL OUTPUT

IF {(QUTPOT} 26,111.,26

WRITE QUTPUT TAPE &,2,NSTAGE

FORMAT(6HOSTAGEI2,11H CUMPLETED.//)

GO0 YO 26

TF {STEPGO+STEPNO~STEPMX} 7444

CALL OLTPUY

WRITE QUTPUT TAPE 645,5TEPMX

FORMAT {2ZHOSTEPGO+STEPNQ=STEPMX=F6.)

CALL EXIT
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PART 2, COMPUTE STEP SIZE (DELTI AND CONTROL QUTPUT.
N=l

A3 = [A2-AL}*RATIQ+A2

AA = LERLOG-A3)/5.

IF {1ABSFlAA}-88.028)»A8SF{SwWITCH)) 8,8,60
DELT = SIGNFUEXPF({AA],DELT)

If {DELT/H2-3.) 10,10.,9

DELT = 3.ens

MODOLTY = MGLOUT

60 TO (11,1>,13,21),RGD0UT
IFIDELY={XPRIMIL) + 3.sDELT-THIN}} 21412,12
MODOUY = 2

DEL = TMIN - XPRIM{L}

GO 1O 16

IF{DELT o (XPRIM{Ll} - TMIN]}} 15,15:14
MODOUT = 4

GO 70 21

OEL = DEL-HZ

SPACES a INTF{IDEL/DELT}+SIGNF{.9,{DEL/DELT) )}
IF{SPACES) 20, 18,20

CALL QuTPUT

Ne2

DEL = DELMAX

IF [ABSF{DEL} — ABSFIDELT)) 19,16,18

DELT = SIGNF{DEL,DELT) -
GD 7O 16

DELY = QOEL/SPACES

G0 78 23

IF [MODF{STEPGO,STEPS)) 23,22,23

CALL OUTPUT

N=Z

PART. 3. SEARCH FOR C{LCOKX) = XLOOK UNLESS LODKX=O.
TF{LOCK X} 27,42.27

LOCK X = LOULK X

LOCK SW = LOOK Sw

QUTPOT = 1.

GO TO {44,451,N

CALL OUTPUT

IF(SWITCH) 32,28,33

IF{SW LOOK - C(LOOK SW}] 29,2942

XTOLL = XTOL#ABSF{XLOCK)

IF (XTOL1) 31,30,31

XTOLL = X¥OL

SWITCH = -i.

GO TO &l

SWITCH = 1.

ASSIGN 43 Tu MODE

OVER = 0.

F = C.

T=0.

SLOPE = (C{LOOKX)=DLDX}/H2

GO TOD MODE, {43,351}

IF{SLOPE #{CILOOK X} - X LOOK)) 350,41,41
ASSIGN 35 TU MODE

[FIABSFICILUOOK X)= X LODK) = XTOL1] 36,36,37
T=t.

IF [OUT) 63,446,563

oUTPOT = Q.

CALL OUTPUT

IF {T) 61447461

IF (OUT) 62,51,62

WRIYE QUTPUT TAPE 6,64, LOOKX,C(LOOKX),H2,L00KX,SLOPE
FORMAT{3HOC(T4,4H} = {PG15.8,31H  CONVERGENCE TROUBLE.  DELT=

1615.8, 14H SLOPE OF CrI4,13H) vS. TIME = G15.8//7)

GO TO &2

IF (QUT) 62,50462

WwRITE QUTPUT TAPE 6,48,L00K X, C{LOOK X}
FORMAT{3HOC{ [4,:2H)=1lPG15.8//)

LOOKX = O

XTOLY = Q.

SIGNAL = 1,

SWITCH = 0.

DONE = END

NSTARYT = ©

NSTAGE=NSTAUE

DELT = DELTLINSTAGE)

CALL INPUT{INLOOK,C,TARLE)

IF {(QONE) 110,42,110 °

IF (GUT) 264111,26

SIGN = CHELKFIOLDX,XLOOK,C(LOOK Xx}}
IF{SIGN} 40,40,38 .

OVER = L.

G0 TO 400

IF {OVER} 400,401,400

XGUESS = CILCDKX)*SLOPECDELT

IF {CHECKF{C{LOOKX), XLOOK, XGUESS)) 402,41441
F = Felo

1F (F=-7.} 400,400,403

SLOPE = SLOPE/F

[F {SLCOPE} 404,60,404

DELT = SIGNF(ABSF(XLOOK-C{LOOKX})/SLOPE,SIGNeH2)
aLbx = CILOOK X)

IF (ABSFITMAX-XPRIMI1))-ABSFIDELT)) 25,26,26
DELT = TMAX-XPRIN(1)

G0 TO (26,24924426),M0D0OUT

DEL = DEL-DELT

CUTPOT = DyY

RETURN

END
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SUBROUTINE STDATA
THIS ROUTINE CLEARS THE A, XPRIM, XPRIMB ARRARYS AND LDAOS A SET OF
STANDARD DATA INTO THE MACHINE. ANY VALUES SET HERE MAY BE OVERWRITTEN BY
INPUT | IN THE MAIN PROGRAM.

COMMON C

DIMENSION A(600), 817001, C(40C0},

1 PNAME (121, AMASS (30), XPRIM {(200),

2 LOEFN {150), ICC {4a),

3 AK (31}, XDOY {100}, IND (31,
4 REFER (12}, RCRIT (30}, A {4),

5 RMASS1 (10}

EQUIVALENCE

(A »C { 11}),1{ax 1A { S51)),1AMASS A {34703,
20AU ) ( 29)),{AW 1) { 55)1,18 'C t11iid,
3(80DYCD,A ( 143}),{COEFN ,A { 407)),{CONSTU,A (323,
4{CONSU »A ( 31)),(DTOFFJ,A { 23)1,(EREF ,A {133,
SIERLIMT,A ( 143}),lETOL ,A { 30)1,[GASFAC,A ¢ 461,
6r1CC ' A { 153}),(IMDDE ,4A ( 11, [IND vA { 60)),
TILOOXSw, A { 9} ), {MUDOUT, A { 2011, INEQ vh { 2},
B8{NSTAGE,A ( 3)),(0BLATD,A { 27)),108LATH,A ( 283,
S{0BLATJ,A {2611, (PNAME ,A {1 28711, [RCRIT ,A « 377))
EQUIVALENCE

L{REFER A € 317)),1RE A {1 ¢511,(5P0D A ( &44)),
2ISQRDK I, A [ 47)),(STEPMX,A { 1611, (STEPS ,A {1n),
JITFILE »A { 63}, (XDOT 4B { 5011}, (XPRIM ,C { 7111},
4UXTOL A { 11))},{RMASSL,A T3}

CLEAR INITIAL CONDITIONS ANO CONTROL PARAMETERS.
00 1 J=1,1100
A(J) = 0.

THE FOLLOWING NH STATEMENTS LOAD THE BODY NAMES INTO THE MACHINE.
PNAME[1) = 3HSUN

PNAME{2) = oHMERCUR
PNAME(3) = SHVENUS
PNAME[4) = SHEARTH
PNAME(S5) = 4HMARS

PNAME[6) = 6HJUPITE
PNAME(T7) = 6HSATURN
PNAME(8) = 6HURANUS

PNAME(9) = 6HNEPTUN
PNAME(10) = SHPLUTOD
PNAME(11)= 4AHMMOON

PNAME(12)= SHEARTHM

FILL OUT SUN REFERENCE LI5T. INITIALTIZE MASS ARRAY.
00 2 K=1,10

RMASSL{K) = }.

REFER(K+l} = PNAME(1l}

REFER(12). = PNAMEILI)

FILL OUT EARTH REFERENCE LIST.
REFER{1] = PNAME(4)

REFER{4) = SHZERD+

REFER[11] = PNAME(&)
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LOAD THE REWAINING STANDARD OATA.
AK{1) = 0.5

AK{2} = 0.5

AK{3} = 1.0

AMASSI1) = 1.0

AMASS(2) = 1.0/6120000.0

AMASS(3) = 1.0/408645.0
AMASS(4) = 1,0/332951.3
AMASS{S) = 1.0/3088000.0
ARASS(6) = 1.0/1047.39
AMASS{T)] = 1.0/3500.0
AMASS{B) = 1.0/22869.0
AMASS{9) = 1.0/18889.0

AMASS{10) = 1.0/400000.0
AMASS{11} =AMASS(4]/81.3135
AMASS{12) =4AMASS{4}+ AMASSILl)
AU = 1.49599 Ell
Anill=1./6.
AW{2}sAn{1}+awW(1]
AniGi=AWil)
AW{3i=l.-{AwlZ)+{ANIL)} +anW(4} )]}
B800YCD = PNAME(4)
COEFN{1) = -1E20
COEFN[18%} = lE20

CONSTU = 1.0 E-~b

CONSU = lE-6

ETOL = 0.0L

DTOFFJ = 2&4.E4

EREF = lE-6

ERLIMT = 3E-6

GASFAC = 20.064838}%
ICCU1] =185

1CCL2) =185

ICC(3) =185

1CC(4) =185

IMODE = 1

IND{E}=2

IND{2)=3

INDi3)=1

LOOKSW = 711

MODDUT = &

NEQ=8

NSTAGE = 1

OBLATY = 1,62345 -3
OBLATH = -5.75 E-6
UBLATD = T7.875 E-6
RCRIT(1} = 1.0 E+20

RCRIT(2) = 1.0 E+8
RCRIT(3) = 6.1l4 E+B
RCRIT{4) = 9.25 E+8
RCRITIS5} = 5.78 E+8
RCRITIS) = 4,81 E+IO
RCRITIT7) = 5.46 E+10
RCRIT(B) = 5,17 E+10
RCRIT({9) = 8.61 E+10

RCRITI10} =3.81 E+10
RCRITUL11} =1.60 E+8

RE = 5378165,

SPD = 86400.0

SQRDK1 = 2.959122083 E-4
STEPMX= 100.C

STEPS = 1.

TFILE = 1.

XDOT{L} = 1.0

XPRIM{2) = RMASS1il}
XTOL = SE-8

WRITE OQUTPUT TAPE 6,3
FORMAT {15HOSTANDARO DATAL)
RETURN

END
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SUBROUTINE TESTTR
UBROUTINE TESTTR MAY BE CALLED FOR ONE OF TwWO REASONS, 1) TO TEST FOR AND

PGSSIBLY TRANSLATE THE ORIGIN (wHEN IMODE IS +) OR (2) TD CHANGE THE

v
o]
T

ARTABLES OF INTEGRATION (wWHEN TMODE IS -). A TRANSLATION QF THE ORIGIN
CCURS WHEN THE OBJECT MOVES INTQ A SPHERE OF INFLUENCE WwHICH IS SMALLER
HAN ANY OTHERS IT MAY ALSO BE IN. WHEN THIS HAPPENS, THE NAME OF THE NEw

QRIGIN 1S MOVEOD TO THE BEGINNING OF THE BNAME LIST AND ORDER IS

[

—

1

—

12

i3

14

16
i8
19
20
21

30

22
23

24
a5
26

29
28

ALLED TO REQRDER THE BNAME LIST.
COMMON €
DIMENSION A{600), B{700}, C{4000),

1 XPRIM{ 100,42}y XPRIMBI100 42}, XWHOLE(6]) ,VEFMI(3,8),VX13),
20RBELS{61,BMASS5({8),BNAME(B),RB(3,8},RBCRITI8),R{8)

EQUIVALENCE

1A s C { l1)),(AMC s B T 871),[ASYMPT,A ( Thy
2(B sC {1111)),{BMASS ,8 { 1371}, (BNAME ,B (122} 1,
3(CHAMP ,B t 25)),(DELT ,B { 111,1Gk2% .8 (3610,
4{ IMODE A { 1)), (NBDDYS,B { 41)},(0RBELS,B (1161},
S{RBCRIT,B { 145)),(RB +B [ 193)),(REVS ,A { 48)),
&(R s8 ( 102)),(SGRDK ,B i 35)1,[TABLE ,C (191111,
TITMAX ,8 { 41) 4 { TRSFER,B { 8}, [TRY »8 { 404},
BITTESVT ,A { 54)}),{VEFM ,B { 26103, 0VX 48 { 921},
9IXPRIM ,C { 711)),(XPRIMB,C 1 9117}, {XWHOLE,8 [ 1104}
EQUIVALENCE

1(auTPOT,B { 39%))

IMQDE = [MODE
IF (IMODE) 12,12.1

IF TMODE 15 +, TEST FOR TRANSLATION OF THE ORIGIN.
CHAMP= 1,E+30

00 4 J4B=1,N80DYS

IF (R{JB)J-RUCRIT{JB}) 244,4

IF (CHAMP-RUCRIT(JB}] 444,3

CHAMP = RBCRITIJB)

NCHAMP = JB

CONTINUE

IF {(NCHAMP-1) 2642645

TRSFER = 1.0

BTEMP = BNAME(])

BNAME{ 1) = uNAME(NCHAMP)

BNAME{NCHAMP) = BTEMP

YTEST = Q.

REVS = 0.

1F [QUTPOT) 6,9,6

WRITE QUTPUT TAPE &6,10,BNAME(NCHAMP) ,BNAME(L)
FORMAT [28HOORIGIN IS TYRANSLATING FROM Ab,4H TO A6)
CALL EPHMRS

DO 11 K=1,1

VX{K] = VX{KI-VEFM{K,NCHAMP)

RBIK] = RB({K,NCHAMP)

XPRIMIK#2,1)=VX(K)

XPRIM{K+5,L)=RB(K)

XPRIMBIK+2,1} = O,

XPRIMBIK#S,1} = 0.

XWHOLE(K)= vX{K}

XWHOLE(K+3) = RB(K])

GO 10 20

IF TMODE IS -, CHANGE THE VARIABLES OF INTEGRATION.
DO 13 K=1,3

XPRIM{K+2,1)=XWHOLEIK}

XPRIM{K¢S,1)=XWHOLE(K+3)

XPRIMB(K+2,1) = 0.

XPRIMB{K+5,1) = O,

VX{K) = XWHOLE(X)

RBIK)} = XWHULE{K+3)

GO 7O (16,14,15),IMODE

LODE = 5HORBIT

IMODE = 1

GO 7O 18

IMODE = 3

60 Y0 17

IMODE = 2

CODE = 6HRELTAN

NCHAMP 2 1~

IF {OUTPOT) 20,47.,20

WRITE QUTPUT TAPE 6,19,C0DE

FORMAT (33HCINTEGRATION MODE IS CHANGING TO Aé}

GO TO (21,26,26),[MODE

CALL CONVTLIVX,AMCH

GK2M= SQRDKe[BMASS{NCHAMP) +XPRIMI2,1)/1.9866 E+30)}
CALL CONVT2

IF ORIGIN TRANSLATION CAUSES PATH TO LIE NEAR AN ASYMPTOTE, CHANGE
INTEGRATION VARTABLES TO RECTANGULAR TF THEY ARE ORBIT ELEMENTS.
1F {ORBELS{Ll}-1.) 24,24,22

IF {ABSF{TRU)~-2.3/SQRTF{ORBELS{1}}) 24,24,23
ASYMPT = 1.0

GO TO 15

00 25 J=1,6

XPRIM{J+2,1) = ORBELS{J}

IF (TRSFER) 27,28,27
CALL INPUT ({101,C,TABLE)
CALL ORDER

RETURN

END

67
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. SUBROUTINE THRUST
THIS ROUTINE COMPUTES X,Y¥,2 THRUST ACCELERATIONS. THE THRUST VECTOR IS5
ASSUMED COINCIDENT wITH THE LONGITUNDINAL AXI5 OF THE VEHWICLE, w~HICH 1S
CRIENTED TO THE RELATIVE WIND VELOCITY BY THE ANGLE OF ATTACK {ALPHA) AND
THE ROLL ANGLE (BETA). ALPHA 1S ASSUMED TO BE A QUADRATIC FUNCTION UF YIME
WHEREAS BETA IS ASSUMED TO BE CONSTANT.
REVOLV 15 THE EARTHS ROTAT{UN RATE IN RAOTANS/SECL (7.29211585E-5) AND THE
FACTOR 8589934592.s 2e»33 [S REMOVED TO PREVENT OVERFLOw.

COMMON C

QIMENSION A{600), B{7001, C[40001,
1 FORCE(3), PAR{3), VATM{3}, P(3}, INO(3},RAMC{5},RB[3),X({100)

EQUIVALENCE

1{A ' C { 11)),{AEXIT ,8 { 311, (ALPHA 44 (491},
28 s C (1111)),{BETA LA { 5011,{COSALF,8 [ 48},
3{COSBET,B { 49)),lEXITA ,B { 392)).(FLOW .8 { 511,
4{FORCE ,B t 66)),1IND 1A U 60)),(PAR '8 { 6013},
S{PMAGN ,B { 850)),{PRESS ,B ( 331),(P 1B { 84)),
6{PUSHO ,B { 39101, {PUSH 44 { 166)),(RAMC B ¢ 333N,
TIRATHOS,B { 23)),({R8 '8 { 193)),(REVOLY,B 211,
B(R +B i 102))4{RSQRO ,B ( 4S53),{SIMP ,B { 2) ),
9{SINALF,B { 46)},{SINBET,B { 47)),{vaTM B t 97

EQUIVALENCE

11vQ +8 { 100)),{VQSQRD,B { 101)),8Vx +B t 921,
20vy +8 [ 931),1vZ '8 { 94) 141X 1] { 4011)

SINBET = SINF{BETA/57.2957795)

COBBET = COSF{BETA/57.2957795)

VATM{1)aVvX+REVOLYV*RB{2)}

VATHM{2}=VY-REVOLVeRBI 1)

VATH{3)=VZ

CALL CONVTL{VATM,RANC}

ALPHA = QUADIX(1),11/57.2857795

SINALF=SINFIALPHAI

COSALF=COSF{ALPHA) .
90 1 Ji=1,3

J2=IND(J1)

J3=IND(J2)

PLUL) = (VATH(J2)eRAMCIJ3}-VATH{J3)+RANCIJ2})/8589934592.
PMAGN= SQRTFIP{I1«P{1}+Pi21eP{2)+P(3)#P(3))

PYSH = PUSHO-EXITAPRESS

TDPMAG = PUSH/PMAGN/X(2)

R4 = SINBET/VQ

RS =  COSALF/RAMC([4)

00 2 J1=1,3

J2=IND(J1}

J3=IND(J2]

PAR{J1)=P{U2)eVvATM(J3)-PL43)sVATMIJ2)

FORCE(J1) = TOPMAGS(SINALF#{COSBETeP(J1)+RA*PARIJLIII-R5{P{J2)e
1 RAMCIJI)I-P(J3)=RAMCIJ2) )

REYURN

END

SUBROUTINE TUDES
THIS ROUTINE COMPUTES THE RECTANGULAR POSITION AND VELOCITY COMPONENTS
WITH RESPECY TO THE EARTH MEAN EQUINOX AND EQUATOR OF 1950.0 FRUM ThE
LATITUDE, LONGITUDE, AZIMUTH, ELEVATION, ALVITUDE, TOTAL VELUCITY, AND
TIME. ALSO, WHEN TKICK DOES NOT EQUAL 2ERD, A NON-DRAG VERTICAL STEP OF
SIZE TKICK 1S MADE IN CLOSED FORM (STATEMENTS 2 TO 4}, THE INTEGRATION
WILL THEN 8EGIN AT TIME EQUAL TD TIME+TKICK WITH THE ORIENTATION SPECIFIED
8Y THE ABOVE FOUR ANGLES AND THE COMPUTED VALUES OF ALTITUDE AND VELDCITY,
FOR THE CLOSED FORM APPRUXIMATION, A CONSTANT FLOW RATE (FLOW}, VACUUM
SPECIFIC IMPULSE (SIMP)} AND ENGINE EXIT AREA {AEXIT) ARE ASSUMED KNOWN.
THE ATMOSPHERIC PRESSURE 15 TAKEN TO BE YHE SEA LEVEL VALUE.

COMMON C

DIMENSION A{600}), B{700), C{4000},
1 SINAL4)}, COSAl4), ANGLEB(%}, XPRIM{200)

EQUIVALENCE

1(A »C U 11) ), TAEXIT ,B { 371, (ALY v A { 41,
2(A21 A { 35)i,(8 s C {1111)),{DTOFFJ, A {231},
J(ELEV ,A U 36]1,(FLOW ,8 { 5)1,(GK2M 4B ¢ 3601,
4ILAT vh [ 33)1,[LONG A { 34)),10BLATS,A [ 26},
S{DBLATN, A { 4011+ (RE 1A { 25)),{RESQRO,B { T,
6(ROTATE, A [ 39)1,(514p ,8 { 2)1415P0 1A { 441,
T(STEPGO, A ( 41}1,[STEPNO,A £ 42)), ITKICK 44 {151
8(TOFFT ,A {2413, (VEL 1A i 3711, (XPRIM +C ¢ TLLH),
9(OUTPOT,B { 3991}

EQUIVALENCE TQLAT,LAT},{ QLONG,LONG]
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ALTY = 0.

VELL = VEL

DELY = 0.

DEL = 0.

ASSIGN | TO NGO

DAYS = DVTOFFJ -~ 2433282.5

GREEN = MOUF{100.0755426+,985647346DAY5+42.9015E-130A4Y5es?2

1+7.29211585E-50 [ TUFFTeSPU+XPRIM{1})*57.2957795,360.]

SINAIL} = SINFIQLAT/57.2957795)

IF (Q8LATN) 102,101,102
101 RADIUS = RE + ALY

G0 10 8
102 RADIUS=6356783,.28/S5QRTF(.9933065783+.006693421685»5INAT1)ee2)+ALT
GO 70 8
XPRIM{&) = COSA[2)=COSA(1)=RADIUS
XPRIM{T) = S5INAT2)COSA(L)=RADIUS
XPRIM{B) = SINAIL)sRADIUS
RMASSG = XPRIM{2)
XPRIMUZ) = XPRIMI2)-FLOW=TKICK
IF (QuTPOT) 12,11,12
11 WwRITE CUTPUT TAPE 643,STEPGO,STEPNO,LAT,LONG,AZTI,ELEV,ALT, XPRIM{

11} 4 VELsRMASSO, {XPRIM{J)J=6,8)

3 FORMAT{6HOSTEP=F5.,2H #F4.,4X,6H LAT.=21PGLlS.8,7H LONG.=G15.8,6H A7
11.2G15.8,7H ELEV.2Gl5.8,6H ALT.2615.8/6H TIME=GLS5.8,6H VEL.=G15.8,
67H RMASS=G15.8,4X,2HX2G15.8,5X,2HY=615.8,4X,2HI=G15.8)

12 IF [TKICK} £450,2
2 XPRIMIL) = XxPRIM[1)+TKICK
Bl = LOGFIRMASSO/XPRIM[2))
SIMPSL = SIMP-AEXIT/FLOWe10332.275
VELL = VEL+SIMPSL#9,80665281-GeTKICK
ALTL = TKICK®{VEL-Ge#TKICK/2.+9.80665+SIMPSL={1.~aleXPRIM{2)})/
1 (RHASSO-XPRIM(2)11})
4 RADIUS = RAUTUS + ALTL
GREEN = GREEN + 7.29211585E-5«TKICK#57,2957795
ASSIGN 5 TO NGO
GO 7O &
XPRIM{&) = (OS5A{2)+COSA[Ll)=RADIUS
XPRIM{7} = SINA{2)#COSA[1)=RADIUS
XPRIM{B) = SINAIL)*RADIUS
50 [F {OBLATN) 6,7,6
DELL = ATANF{(C2-1.)/7{C3-1.)#SINA{1}/COSAIL)})»57.2957795-QLAT
DEL2 = RADIUS/GeSINA{L)}#COSA{1)*ROTATESROTATE®S57.29577951
DEL = DEL1 + DEL2
ASSIGN 10 TG NGD
ANGLEB(L1) = QLAT + DEL
ANGLEB{2) = QLONG + GREEN
ANGLEB{3) = AZI
ANGLEBL&) = ELEV
00 9 I=l,4
SINACI) = SINF(ANGLEB{1}/57.2957795}
COSA{I) = COSF{ANGLEBII)/57.2957795)
Cl = 5.eRESQRO/RADIUS/RADIUSSDBLATY
C2 = Cle{SINA(L)sSINALL)=~.6)
€3 = Cla{SINATLI#SINA{L1)-.2]
G = GK2ZM/RAuTUS/RADIUS
GO TO NGO, (1,5,10)
10 COS1 = COSA(1)»SINA(4)-COSA({4)«COSA{3)SINALL)
€052 = COSA{4)»SINALD)
XPRIMU3)} = VELL1e{COS51eCOSA(21-CO52SINAL2)}-XPRIMIT)eROTATE
XPRIM{&4} = VEL1e[COSLeSINA{2}+COS522COSA{2))+XPRIMI&)»ROTATE
XPRIM(S) = VELLla{SINA{L1)*SINA{4)+COSA(I)oCOSA(2)eCOSA(4))
RETURN
END
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SUBROUTINE TAPE

SUBROUTINE TAPE USES THE MASTER MERGED EPHEMERTIDES TAPE (TAPE 9 AT LEWIS)
TO COMPILE A WORKING EPHEMERIS TAPE (TAPE 3 AT LEWIS) wHICH CONTAINS ONLY
THAT DATA NeEDED AT EXECUTION TIME., THIS MINIMIZES TAPE HANDLING DURING
EXECUTION. 2 EPHEMERIS FILES ARE DN TAPE 9, FIRST FILE HAS DATA AND IS
IDENTIFIED oY THE SECOND WORD OF EACH 254 WORD RECORD {FIRST wQRU IS TME
OQUMMY FORTRAN COMPATIBLE wORD, SECOND WORD=2). THE SECOND FILE [S ONLY 2
WORDS LONG, FIRST WORD IS FORTRAN COMPATIBLE, SECOND WORD=3).
MASTER FILE 1 —- PLANETS [EXCEPY MERCURY AND EARTH), SUN, MOON, AND

EARTH-MOON BARYCENTER FROM SEPT.25, 1960 TD ABGUT 2000.
EACH EPHEMERIS COMPILED REQUIRES A SET OF INPUT 300 DATA., THE FIRST PIECE
QF DATA wWRITTEN ON A FILE IS THE FILE IDENTIFICATION NUMBER, FILe. EACH
FILE 15 NUMBERED CONSECUTIVELY STARTING WiTH FILE=1. SINCE MUUN DATA IS IN
TERMS OF EARTH RADIIy THE COUNVERSION OF MOON DATA TO A.U. [5 MADE BEFORE
WRITING ON TAPE 3., THE COMMON USED IN SUBROUTINE TAPE IS LOCAL AND ALL
8UT TAPE3 I5 CLEARED BY A FINAL CLEARING LDOP.
FUNCTION COMPARF(A,B8) IS EQUIVALENT TO (A-B) 8UT WI1LL NOY OVERFLOwW.
NORMAL INPUT ~ ELIST, TBEGIN, TEND, TAPE3

ELISY~ THE BCD LIST OF EPHEMERIS DATA NAMES TO BE PLACED UN
TAPE 3 . THE NAMES ARE READ FROM CARDS, AND IS uSED TO
MAKE THE TMAKE LI1ST. ELIST IS NOT CHANGED IN STORAGE UNTIL
THE FINAL CLEAR FOR THIS SUBROUTINE.

THMAKE- THE LIST OF EPHEMERIS NAMES WITH DUPLICATES OROPPED AND
ZERO SPACES CLOSED IN. AS THE EPHEMERIDES ARE FINISHED THE
NAMES ARE ERRASED FROM THIS LIST.

TMADE~ LIKE TMAKE BUT 1S HELD FOR OQUTPUT.

TBEGIN~ THE BEGINNING DATE EXPRESSED AS A JULTAN DAY.

TEND- ENDING DATE EXPRESSED AS A JULIAN DAY.

INTVAL- THE APPROX. NUMBER OF DAYS COVERED BY ONE SET OF COEFF. IT
IS USED TO DECIDE wHICH DATA ARE TD BE ENTERED DOUBLE. THE
DOUoLE ENTRIES PERMIT FASTER OPERATION IF REVERSAL OF
INTEGRATION IS REQUIRED FOR ANY REASON.

EDATE- JULIAN ENDING DATE FOR THE MASTER EPHEMERIS.

ERTDAU~ EARTH RADI1 PER A.VU.

COMMON c
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QIMENSION
1 [+
2 EDATE
3 ELIST
4 PNAME

{
{
{
{

EQUIVALENCE

1( TAPE3,C
20 ELIST,C

{
4

7001, TMAKE (12}, LIST {30},
12)« INTVAL (30D, KYAG (12},
i1), TMADE 112) INTVA {2),
301, TOATUM (252}, DATUMT {21,121

21V, (ERTOAULCE 313,80 KTAG,CI 41}, FILE,C( 161D,
1711, {TBEGIN,C( 29)),{ TEND,C[ 30)),[ PNAME,C( 3111},

30 KHAMP,C{ 61))4( TMADE,C{ 73)),{ TMAKE,C( 851),(TOATUK,Cl44L}),
40 EDATE,CUL27)), CINTVAL,CLIST)),{ INTVA,CI1561),(DATUNT,CL1B3))

COMPARFLA,8) = [A+B)e(-(AeB))

REWIND 3

00 1 K=1,4000

-

Ci{K) = 0.

0

THE FOLLDWING NN STATEMENTS LOAD THE BODY NAMES INTD THE MACHINE.

NOTE. THE E€ARTH IS NOT IN THIS LIST (NG EPHEMERIS FOR EARTH.1

PNAME(1) = 3HSUN

PNAME{2) = OHMERCUR

PNAME{ 3} = SHVENUS

PNAME{ &) = 4HMARS

PNAME[S5) = 6HJUPITE

PNAME(&) = HHSATURN

PNAME(T) = GHURANUS

PNAME(8) = oHNEPTUN

PNAME(Y] = SHPLUIU

PNAME(10})= 4HMOON

PNAME{ 11)= GHEARTHM

PART 2. SET UP JULIAN OATES ENDING E€ACH EPHEMERIS.

EDATE{1l) = 2451872.5 11/24/00
ECATE(3) = 2451848.5 10731700
EDATE{4) = 2451020.5 7/26/98
EDATE([S) = 2473520.5 2060
ECATE(6) = 2473520.5 2060
EDATE(7) = 2473520.5 2060
EDATE(B) = £473520.5 2060
EDATE(9) = 2473520.5 2060
EDATE{10)= 2440916.5 11/26/70
EDATE{1l)= 2451848.5 10731700
INTVA = 30000

INTVALIL) = B

INTVAL(2) = 5

INTVALI3) = 15

INTVAL{4] = 44

INTVALISTH = 330

INTVAL(6} = 825

INTVAL(T) = 1211

INTVALIB) = 1172

INTVAL(9) = 1101

INTVALILO} = 2
INTVALLLL) = 15

FILE = 1.

ERTOAU = 4.26546512 E-5

2 MOCN = O
LI = 1

PART 28. CALL INPUT AND SEE IF TAPE IS TO BE MADE. INPUT MUST ALWAYS
MAKE TAPE3=0.0 IF TAPE IS TO BE MADE.

TAPEY = 3

8 CALL INPUTI300,C,LIST)
IF (TAPE3} 63,3,63

~
o w

[F (FILE-1.) 20,10,20
CALL SKFILE(9,2)

PART 3. TAPE IS TO 8E MADE 50 MOVE EPHEMERIS LIST TO TMAKE AND
TGO TMAUE {FOR OUTPUT), CANCEL ANY JERO OR DUPLICATE NAMES.

20 KOUNT = 1

00 & K=1,11
= Q0.

TMADEIK} = C.
4 D0 5 J=1+KOUNT

1¢ (COMPARFIELISTIKI,TMAKE(J-11}] 5:6,5

THMAKETK}

n

CONTINUE

TMAKE(KOUNT) = ELISTI(X)
TMADE(KOUNT) = ELISTIX)
KOUNT = KOUNT#1

6 CONTINUE

KOUNT = KOQUNT - }

PART 4. FINU INPUT ERRORS.

KM = 2
ERROR = O

-0

IFUTBEGIN-2437202.5) 6649,9

WRITE TAPE 3,FILE
00 21 J=1,KOUNT
KTAG(J) = O
12 00 13 X=1,20
IF {COMPARF (PNAME(K) ,TMAKEL4))) 13,16413

13 CONTINUE

PART 5. PRINTS OUT THE MISSPELLED NAMES AND OTHER ERRORS.
14 PRINT 15,
WwRITE OUTPUT TAPE & , 1S, TMAKE(J), TBEGIN, TEND,[PNAMEIK],
LEDATE{K) yK=1,20}
15 FORMAT! 23H TROUBLE ON TAPE 3 MAKE / ZX,A6,10H T BEGIN= F10.1.,8H
I T ENOD= FlU.L//2{2X,A6,F20.1}1}

ERROR = 1
GC TO 21

TMAKE{J), TBEGIN, TEND
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n
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36
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43

44
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47
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PART 4B. CHECKS DATES ANO STORES INDEX FOR MOON S0 THAT EARTH
RADIT CAN Bt CONVERTED TQO A.U.

IF {10-K} 18,17,18

MOCN = J !
KTAG(J) = K

IF U(EDATEIK]}- TEND) 14,21,21

CONTINUE

ASSIGN 386 TO NSi
IF (ERROR} 22,522,468

PART &. FIX UP A TAG (KTAG) TD INDICATE WHETHER TO ENTVER DATA DOUBLE OR
NOT, KHAMP WILL BE SHORTEST INTERVAL. KTAG WILL BE NON-ZERD IF
ANY DATA ENTERS MORE THAN ONCE FOR 10 ENTRIES OF THE MOST
FRECQUENT DATA.

KHAMP = INTVALLO)

00 23  J=]1,KOUNT

K = KTAGUJ)

KHAMP = XMINOF{KHAMP, INTYAL(K)}

CONTINUE

KHANP = KHAMP 10

00 24 J=1,KOUNT

K = KTAG(J)

KTAGIJ) = INTVALIK) / KHAMP

PARY 7. LOCATE FILE 2 ON TAPE 9.
READ TAPE 9, KFILE

IF {KM-KFILE) 27,31,29
1F {KFILE - 3} 28,28,29
BACKSPACE 9

BACKSPACE 9

CALL BSFILE(9}

G0 YO 25

B8Y PASS A FILE.

CALL SKFILE(9})

GO 1O 25

PARY B. TH1> IS CORRECY FILE ON TAPE 9, READ DATA, THERE CAN BE UP
TO 12 SEVS OF DATA PER RECORD. A SET OF DATA IS 21 WORDS.

BACKSPACE 9

READ TAPE 9, KTAPE,(TDATUM{I), I=1,252)

GO TO NSls (36,44)

PART 9. IS5 THIS A SAYISFACTORY STARTING POINT, QUESTION MARK.
THE 1ST SET OF DATA FOR EACH PLANET MUST PRE DATE TBEGIN.
PART 9 [S EXECUTED ONLY ONCE.

DO 42 J=LI,KOUNT

00 37 K=1,232,21

IF (COMPARF{TDATUMIK),TMAKE{J))} 37,39,37

CONTINUE

Ll =g

BACKSPACE 9

BACKSPACE 9

GO 70 32

IF (TDATUMIK*L)}-TDATUMIK+2}-TBEGIN} 40,40,38

D0 41 Ky=l,21

Kl = K + KJ ~ 1

DATUMT[KJeJ) = TDATUMIKI)

CONYINUE

IF (MOON} 43,45,43

00 44 Kiw4é,21

DATUMTIKJ,MUCN) = DATUMT(KJ,MOON)*ERTOAU

ASBIGN 46 TO NSIL

PARY 10. PUT AWAY NEEDED DATA. TEST NAME, TIME OF BEGIN AND END. DO NOY
WRITE TAPE 3 UNTIL TBEGIN PREDATES THE END OF ThE FITTED
INTERVAL. 50 REPEATS QLD DATA, ST WRITES NEW DATA, THE NAMES
ARE ERASED FROM TMAKE AS SOON AS THE DATA POST DATES TEND. WHEN
ALL NAMES ARE GONE, RETURN TO INPUT 300 TO SEE IF ANDTHER
EPHEMERIS 1S5 TO BE CONSTRUCTED.

00 65 Kel1,232,21

00 47 J=1,KOUNT

TF (COMPARFITOATUMIK) , TMAKE(J}}) 47,4B8447

CONTINQE

GO TO &5

SMT = TBEGIN-TDATUM{X+1)-TDATUMIK+2)

IF ISWY) 49,49,52

IFIKTAGLJ)) 50,52,50

WRITE TAPE 3,(DATUMT(KJ,d} 4 KJ®k,21]

00 53 KJdsl,21

KL = K + KJ

OATUMT{KJ,J) = TDATUMIKI1-1}

IF {J-MOON) 56454,56

00 55 KJ = 4,21

DATUMT{KJ,J) = DATUMTIKJ,J)*ERTOAU

IF (SWY) 57,57,58

WRITE TAPE 3, (DATUMTIKJ,J),KJ=1,21)

IF{TEND-DATUMY[2,J1-DATUMT{3,J4)) 59,359,653

TMAKE{J] = O.

00 60 KK=1,KOUNT

IF (TMAKE(KK)} 65+60,65

CONTINUE

WR1TE OUTPUT TYAPE 6, &1, FILE,TBEGIN, TEND, KOUNT,[TMADE{XK]},

1KK =1, KOUNT)

FORMAT{ 28HOEPHEMERTS COMPLETED, FILE=F3.,6H, FROM F10.1,3H TO

1 F10.1, 44 FOR [2, 18H BOUDIES AS FOLLOWS / L2{2X,Aé61)

FILE = FILE + 1.
END FILE 3

G0 7O 2

WRITS TAPE 3, FILE
REWIND 3

REWIND 9

TAPE3 = 3.

00 64 J=3,4000
LiJ) = Q.

RETURN

TL
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65
66

67
68

BSFILE

arv1
85F

B8TT2

BACK

CHECK

ERR

ONEARG

A07000

CONTINUE

G0 70 32

PRINT 67, TBEGIN

WRITE OUTPUT TAPE 6,67, TBEGIN

FORMAT [ 33+ TBEGIN PREDATES 2437202.5,IT IS Fl0.1)

CONTINUE
REWIND 9

END

REM BSFILE{(1,J) BACKSPACES TAPE [ UNTIL IT IS PGSITIONED JUSTY
REM BEHIND THE J TH EOF MARK.
REM

ENTRY BSFILE

PlE

PLE

PLE

8CD 1BSFILE

SXD =4,

SXD b2

SXD =l l

XECe $ITES}

TSX $(RER} &
LXD BSFILE-2,4
CLA» s

75X ${1051,4
CLA» ${RD5}

57a 85F

ANA AQ7000

£TA BYT1

$TA BTT2 i
LX0 BSFILE-244
CAL 204

ANA =0777777700000
ERA =0Q007400000000
TNZ DNEARG

CLAs 2,4

TZE BACK

PDX 1

AXC s+l h

XEC» $(7CC)
BTTA e

TRA *e]

BSFA e

XECs ${RDS)
XECe $(8SR)

AXxC el 4

XECe ${TCD)
BITA »e

TRA CHECK

TIX BSFs1,1

XECs $(RDS}

AXC *+l,4

XECe ${TCQ)

AXC bl 4

XECs= ${TRC)

NOP

AXC *+leh

XECe ${TEF}

NCP

LXD BSFILE-4,1
Lx0 BSFILE-3,2
Lx0 BSFILE-2Z,4
TRA 3,4

TxiL BACK,141

LXD BSFILE-2+%

CLA ERRel

sST0 O

CLAs 1,4

LDQe 2,4

TSX 8,4

TXI BACK,0, 14

PLE BSFILE-2,0,ERR
CLA BSFILE-2

ADD =Q1000000

STO BSFILE-2

LXD CHECK,1

TRA BTTI-2

oCT 7000

END



REM SKFILE([,J) SKIPS TAPE I OVER J EOF MARKS.

REM
ENTRY SKFILE
PZE
PLE
PLE
SKFILE SXD #=3,1
SX0 #=-3,2
SXx0 -3, 4
5% S{RER) 44 CHECK LASY READ
TEFA ¢l
TEFB sei
LxD SKFILE=1.4
CLA» le4 PICK UP THE TPE NUMBER
18X $1105)44 SET UP THE TAPE ADDRESSES
LXD SKFILE-1,4 LOAD IT AGAIN--MAN
CAL 2,4 1S THERE A SECOND ARGUMENT
ANA =0777777700000
ERA =00074000000C00
TNZ DNEARG NO SECOND ARGUMENT
GGGO CLA» 244 PICK UP THE SECOND ARGUMENT
TIE BUuMP+1 DI0 SOME DUMMY WANT NGO FILES
LOGoP 5UB =01000000
RDS XECs $(RDS) READ THE TAPE
TCOA L3
TC08 .
TEFA 8UMP DID WE HIT
TEFB BUMP AN END OF FILE
TRA RDS GO READ SOME MORE
BUMP TNZ Lcae
LXx0 SKFILE-3,1
LXD SKFILE-2,2
LXD SKFILE-1,%
NOP
TRCA e+l TURN OFF TAPE CHECK
TRCB (231
TRA ek
ONEARG CLA SKFILE-1
ADD =01000000 SET UP XR4& FOR PROPER RETURN
570 SKFILE-]
PXD 0¢40 SET UP FOR ONE FILE
TRA RD3
END
COUNT 1200 00020
REM INPUT ROUTINE USING ARITHMETIC STATEMENTS. CF NASA TN D-1092 00030
Lau INPUT 6 Q0040
ENTRY INPUT 00050
REM ThIS [S SUBROUTINE INPUT. 1IT7S CALLING SEQUENCE 00060
REM CONTAINS VTHREE ARGUMENTS—-AN TOENTIFICATION 00070
REM CDOE NuUMBER, THE FIRST LOCATION RELATIVE TD wWHILH B ooo80
REM ALL DATA IS TO BE LOADED, AND THE FIRST LOCATICN 00090
REM OF A TABLE TO BE USED BY THE ROUTINE. 00100
REM 00110
REM 00120
REM INCLUDED IN THIS ASSEMBLY ARE SUBROUTINES 00130
REM 1 INPUT 00140
REM 2 C(HRCTR 00150
REM 3 CLEAR 00160
REM 4 CJMPAR 00170
REM 5 ERROR 00180
REM 6 LQ0K 00190
REM T NAKE 00200
REM 8 NUMBR 00210
REM 9 STORE 00220
REM 10 TABLE 00230
REM 1Y TEST 00240
REM 12 ACCUM, FIX, FLT, BINARY 00256
REM 13 PRINX 00260
REM 14 READ. 00270
REM 00280
INTAPE PLE 047 LEWIS INPUT TAPE NOT STD.
OUTAPE PIE Qe b FORTRAN STANDARD OQUTPUT TAPE
INDX PIE STORAGE FOR [RA 00290
PLE IR8 00300
PLE IRC 00310
8CI 1e INPUT 00320
INPUT 5XD INDX, 1 SAVE INDEX REGISTER A. 00330
SXD INDX#1,2 SAVE INDEX REGISTER 8. 00340
SXD INDX+2,4 SAYE INDEX REGISTER C. 060350
NiTe led IF THE IDENTIFICATION NUMBER IS I 00360
TRA byl RETURN TO THE CALLING PROGRAH. Q0370
CLA =1B35 : a0380
ADD 214 2+% IS THE BASE LOCATIDN. 00390
STA SET 00400
STA Loci Q0410
STA LOC4 00420
CLA TSX8§ OPEN BACKSPACE GATE 00430
S$T0- $ILINK) CALL CHAIN WILL BACKSPACE 00440
L0CA CLA 1o 1+4 IS THE IDENTIFICATION NUMBER. 00450
STA NREG1 00460
AXT 36,1 INITIALIZE 36 00470
$T2 I+l.1 LOCATIONS 00480
TIX *=ls1,1 YO lERO. 00490
570 1L0CL MAKE NON'ZERO. 00500
CLA 3,4 3,4 1S THE LOCATION OF THE TABLE. 00510
STA LOCFC PREPARE 0052¢
5TA NREG1-1 Q0530
ADD =1835 . THE 00540
STA LOCFaA ARGUMENT STORAGES 00550
STA LaOCKL 00560

T5X CLEAR,4 CLEAR THE VAR REGION. 00570



LoCAl CLA =0076100000000 INHIBIT READING UNTIL 00580

510 READ. ARRAY RECORD REFRESHED 00590

AxT 43,2 43 FORCES RECORD TO BE FILLED 00600

SXD 1,2 IN CHRCTR 00610

RER LCOK AT THE FIRST CHARACTER ON THE FIRST CARD 00620

REM IN SEARCH OF A § SIGN. 00630

LOCAA T5X CHRCTR . % , 00640

5UB =h0000$0 CHECK FOR A $ SIGN 00650

LOCA. S$T0 WORD 00660

TSX COMPAR, 4 00670

ocy 242517630000 D, €, FILE FLAG, T 00680

LXA NREGL.+4 LERD IF $D HAS BEEN READ. 00690

TXL €42,4,0 00700

™I 01,244 BEFORE $0 ADD & TO INDEX 2. 00710

TXH ERRUS 2+ T JUNK 00720

TXH SGNOUT, 2,6 $17 BEFDRE $D. FILE FLAG. OFF 00730

TXL #43,2,5 $€ BEFDRE $D 00740

TSX READ.+1,4 CRASH READ GATE 00750

TRA LOCAlL SHOULD NOW HAVE $D CARD 00760

TXH LOCAD, 244 FIRST $D. 00770

TXH LOCAJ,2,3 $T AFTER $D. 00780

TXH LOCCK,2,2 $17 AFTER 3$D. FILE FLAG 00730

TXH LOLBG, 241 $E AFTER $D. 00800

REM 00810

LOCAC LXA READ. , 4 $D AFTER $0. TEST [F BUFFER 00820

XL ERRU, 4,0 OVERWRITTEN 00830

REM THES 13 THE PROGRAM RETURN. 00840

RTN LxD INDX, 1 RESET INOEX A. 00850

LXD INUR*L,2 RESET INDEX B. 00860

LXD INUX+2,4 RESET INDEX C. 00870

TRA L) RETURN TQ CALUTNG PROGRAM. 00880

REM HUNT FOR THE = SIGN OF THE § DATA CARD. 00850

LOCAD CLA =0076100000000 INHIBIT READING UNTIL 00900

STO READ. $DATA FIELD SCANNED 00910

18X CHRCTR, 4 00920

TSX COMPAR , 4 00930

BCT 1,=00000 00940

TRA $45,2,2 00950

TRA ERRD TJUNK 00960

TRA LOCAD ALPHABETIC 00970

TRA ERRD NUMERIC 00980

SXD ALF 44 = SIGN 00990

REM USE ALF MODE TO TEST ALL CHARACTERS. 01000

REM 01010

REM COMES HERE WHEN = 5IGN HAS BEEN FOUND. GET THE 01020

REM [DENTIFICATION NUMBER FROM THE CARD. 01030

LOCAF LXD 144 ————— 01040
TXH #42,4,43 TO1050—

TXH LOCAG 4442 CARD SCANNED OUT. 01060

TEX CHRCTR, % 01070

75X COMPAR, 4 01080

BCI 1o48¢= 0 01090

TRA 49,2,2 g1100

TRA ERRM JUNK 01110

TRA ERRM ALPHABETIC 01120

LOCAE YEBX B8INARY, 4 FORM BIN WD IN VAR 01130

TRA LOCAF BLANK 0L140

SXD ERSW,2 MINUS SET TD 8Y PASS. . 01150

TRA LOUAF PLUS  NO EFFECT. 01160

$T0 SIGN DULLARS oLL70

REM COMES HERE TG CHECK THE REGIDN CODE AND THE 01180

REM VALUE APPEARING ON THE $UATA CARD. 01190

LOCAG CLA VAR COMMA 01200

’ TIE ERRU DATA SET NO. MISSING 01210

ALS 18 a1220

STD . SAVE IDENT AT TABLE(L}, 01230

NREGL SUB [ PLACE FIRST ARG IN THIS ADORESS. 01240

TNZ RTN 0 IF CALL CODE = $DATA COD& 01250

STZ ALF ALF = 0 MEANS NO ALF INFO. 01260

SXA NREG1,0 INDICATE SDATA IS READ. o1z10

REM INST, SELOW ALSO EXECUTED AT READ., PLACED THERE BY CHRCTR 01280

TSXRD 16X READ.+1,4 HERE SNEAK PASY READ, GATE 01290

SXD YESTJK,0 01300

TRA LOCAN 0i310

REM 01320

REM COMES HERE IF IT wAS A § TABLE CARD. 01330

LOCAJ T5X TABLE 4 D1340

TRA LOCAN3 01350

REM 01360

REM COMES HERE IF AN ALPHABETIC CHARACTER WAS FOUND. oi370

LOCAK T5X NAME 4 01380

TNZ SET-1 ZERD MEANS ON LEFT OF = SIGN. 01390

LXO JKi,l IF JK1 DIONOT INCREASE THEN 01400

TESTIK TxL ERRL,1,%e AN = SIGN wAS NOT USED, 01410

sX0 TESTIK, 2 SAVE JX1 FOR NEXT TEST, 01420

cLA 1o SAVE SIGN OF TABLE ENTRY. 01430

STO jLocl 01440

TRA LOCAN2 01450

REM - i 01460

LX0 JK,y2 PREPARE TO ACCUMULATE THE NUMBERS 01470

SET cLA ve,2 IN THE PSEUDO ACCUMULATOR. 01480

sTa TENP 01490

LA 1wuc 01500

TPL LOLAM MINUS MEANS FLOAT THE NUMBER. 01510

TSX FLT,4 01520

TRA LOCAN 01530

REM 01540

REM COMES nERE IF NUMERIC FIELD. 01550

LOCAL  TSX NUMBER, & 01560

STO TEMP 01570



LOCAM

LoCl
LOCAN
LDCANL
LDCAN2
LOCAN3

ERRL

LOCAQ
LOCAP
LOCAQ

LOCAR

LOCAY

LOCAU

LOCAV

LOCAN

LOCAX

LoCAY

Locaz

ACCUMULATE RESULTS IN ACC.

+ WORD IN ACC FOR LOCAR
NOT COMMA
NOT COMMA
COMmMA

INITIALIZE
1S THIS VARIABLE FIXED PDINT.
NEGATIVE [3 FIXED POINT.

STORE THE NUMBER RELATIVE TQ BASE.

RAISE STORING INDEX BY ONE.
SAVE IT.
ANY OPERATORS LEFT QVER.

ANY DATA LEFT OVER.

$D, 4T, OR OPERATORS.

ALPHABETIC

NUMERIC

{ SIGN

DEC IMAL

ANY OPERATORS LEFT OVER.

HIGH MEANS ALREADY HAS QPERATOR.
SPLIT OFF § FRDM OTHERS

IF + PROCESS $ TYPE CH

WHAT KIND OF OPERATOR IS THIS.

REMOVE THE JUNK.

COMMA

SAVE REST, WILL BRANCH IN SuB ACCu
AFTER BOTH OPERANDS WAVE BEEN FOUN

OCT DR ALF MODE.

JUNK
A CHARACTER
0 CHARACTER

COMES HERE IF EMPTY PARENTHESIS WERE FOUND.

JSIGN, GET NEXT CHARACTER.
MINUS FOR NEW CARD
INSERT COMMA 1F NEEDED.

PREPARE TO GEY VALUE OF
CURRENT LEFT SIDE.

} SIGN

REPLACE TOP 3 BITS
BY NEXT OCTAL CHARACTER
PUT IN BOTTOM OF MQ

15 FOUND.
MINUS FOR NEW CARD

CHARACTER YO IRC

OCTAL DIGITS
ALPHABETIC, JURK, 8, 9.
SPLITS |

COMMA

CONVERT THE NUMBER TO BINARY.

JUNK
ALPHABETIC

TSX ACCUM, 4
TSX CLEAR, &
LKA WORD, &
PXA 0es

TXL LOLAR,4,58
TXH LOCAR, 4459
LXD JKL1,2

CLA ACC

STZ ACC

LOQ 1L0C1

QP Lacl

TSX FlX,&

STO “e,2

LD JK1,2

Tx1 414241
SkD JK1Le2

LXp OPER,1
TXL *+3,1,0
75X ERROR, &
BCI 1,000}
Cta ACC

TNZ ERRL

REM

REM CALL VHIS THE SwITCH HOUSE.
T5X CLEAR, &
T8X CHRCTR, &
TSX COMPAR, 4
BCI 1,.10000
TRA 8464242
TRA LOCAR

TRA LOCAK

TRA LOCAL

TRA LOCAT

TRA LOCAL

LXx0 OPER, 1
TXH ERRL, 1,0
Sus =H0000%0
TPL LOCA.

REM

TS8X COMPAR, &
BCE Lye=7e,0
TXH ERAL, 2,5
TXH LOCANs 2,4
SAD oPeR, 2
TRA LOCAP

REM

REM COMES HERE [F THE
TSX CHRCTR, 4
T8X COMPAR, 4
BaCl 1,) 04000
TRA °+5,2

TRA ERRL

TRA LOCAZ

TRA LaoCAy

REM

REM

TSX CHRCTR, 4
TQP 42

78X TExT, 4
CLA 1L0C1

§TO 1Loc

L XD JK1,2

TRA SET

REM COMES HERE IF OCTAL MODE.
TSX CHRCTR, 4
su8 =HQ0000)
TNZ LOLAY

TRA LOCANW

LDQ VAR

RQL 3

LGR 3

RQL 3

s$TQ VAR

REM COMES HERE WHEN |}
T8X CHRCTR, 4
TGP "2

T5X TEST, 4
LXA WORC, 4
TXL LOCAV+4,7
TXL ERRJ¢4,58
TXH ERRJI,4,59
LXx0 JK142

cLa VAR

TRA Loci

REM

TSX BINARY, 4
REM

REM COMES HERE IF ALF MODE.
TSX CHRCTR, &
TSX COMPAR, 4
8cI 1,100000
TRA #45,2,2
TRA ERKK

TRA LOCAZ

TRA LOCAY

REM

COMES HERE WHEN }

NUMERIC
IS FOUND

01580
01590
01600
01610
01620
01630
01640
01650
01660
01670
01680
01690
Q17060
01710
01720
01730
01740
01750
01760
01770
0i780
01790
01800
oisl1o
01820
01830
01840
01850
01860
01870
01880
01890
01900
oi910
01920
0i930
01940
01950
a1360
01970
91980
01990
02000
02010
02020
02030
02040
02050
02040
02070
02080
02090
02160
02110
02120
02130
02140
02150
021560
02170
02180
02130
02200
02210
02220
02230
02240
Q2250
02260
02270
02280
02290
Q2300
02310
02320
02330
02340
02350
023150
02370
02380
02390
02400
02410
02420
02430
02440
02450
02460
02470
02480
02490
025G0
02510
02520
02530



76

LOCsA

L0CBa

LOCBC
LOC4
Locsacl

Locas

ERRB
ERRD
ERRJ
ERRK
ERAM

ERRU

LOCBG

TSx85
LOCBS

LXA
TNX
$X0
T5X

TS8X
suB
TZE
TSX
TIx
LX0
Lxd
CAL
LGR
ORS
AXT
LxD
cLa
sTD
SXD
CLa
STO
Txt
TXH
™1
5§72
TSX
8%
0P
T8X
sus
TIE
REM
REM
TEX
104
752
BCI
TsX
BCI
TS%
acl
15X
BCI
5%
act
REM
REM
CLA
S5TOe
TRA
REM
REM
REM
REM
REM
REM
REM
REM
TSX
SXA
CLA
CALL
XEC»
AXT
TRA
EJEC
REM
REM

" REM

CHRCTR

LOCCA

Locce
Locce

L0ceh

LOCCE

REM
REM
REM
REM
Sx0
sxe
LXD
TXH
XEC
LoQ
CLA
ALS
SLW
LXD
TXH
TXH
PXD
LGL
Tix
LoQ
XTI
TxH
PAX
TXH
TXH
TXH
TXL
1ET
TRA
TRA
REM

VAR,1 ) SIGN

ERRK,1,0 ALF COUNT WAS Z€ERG.
ALFy 1

CLEAR, 4

CHRCTR, & PULL THROQUGH CHARACTERS AND STDRE
=017 FILE FLAG, NEVER NEG.

ERRB COUNT WENT PAST E O JOB.
STORE .4 THEM ONE AT A TIME.

s~a4,1,1 GO BACK TILL NCHAR = 1

Jel

MSKIFT, 4

BLANK

42,4

VARel,1 FILL TN PARTIAL WORD WITH BLANKS.
Lrd IKC TO 1

JKls2

J PREPARE TC STORE ALF WDS
LOCBCL

JRis2

VAR+L,4

"e,2

"rl,4,1 J=Jo+ 1

LOCBU,4yen

LOCBC, 2,1 JK=JK+1

ALF

CLEAR, &

CHRCTR, 4 LUOK AT NEXT CHARACTER.

g MINUS FOR NEw CARD

TET+4 PUT In COMMA [F NEEDED.
=HUQ000,

LOCAN G RAISE AND STORE JK1.

THESE ARE ERROR CALLS
ERROA, &
1.,0{(8B}
ERROR 4
1,0(D}
ERHOR 4
1,004)
ERROR, 4
1,01K)
ERROR, 4
1,0(m)
ERKOR, 4
1,00U0)

$€ COMES HERE AFTER 30

={076100000000 NGP
$TLINKY CLOSE BACKSPACE GATE
LOCAC RETURN

PURPOSL OF SEND CARU 18 TG PRCTECY FORIEGN CATA FROM
8ACKSPACE WHEN CHAIN IS CALLED.

ENu OF THE MATN SEGNENT
THIS A ROUTINE TO BACKSPACE THE INPUT TAPE WHEN A
CALL ChAIN IS GOING TO SPIL: THE BUFFER.

TnIS ROUTINE 1S EXECUTED FROM CHAIN VIA THE ONE
WGRD SUBROUTINE (LINK) wHICH CONTAINS EITHER TSX OR NOP
LOCBS,4 TO BE STORED AT (LINK
44h, 4 SAVE [NDEX 4
INTAFPE INPUT TAPE NUMBER
${105) SELECT [INPUT TAPE
${o5R} BACKSPACE IT
e, 4 RESTORE INDEX
Lo AETURN TO THE CHAIN ROUTINE
T

THIS IS SUBROUTINE CHRCTR. IT STORES SUCCESSIVE
CHARACTERS FROM THE CARD AT LOCATION WORD, READS
SUCCESSIVE CARDS INTO fME ARRAY RECORG, AND PRINTS

$¢ TYPE CARDS. THE FIRST CHARACTER FHRDM A NEw CARD
IS STORED IN WORD WITH A MINUS SIGN.
TEMP-10,2
TEMP~1T+4
1,2 CARD CDL COUNT, S5AW COUNT
$+2,2,83 TOO EARLY 70O READ.
READ. GATE MAY BE CLOSED
Q HAS UNUSED CTHARACTERS FROM BEFORE
SIuN IERQ DP & GDES TO TAG
& SHIFT LEFT | CHARACTER
TaG CLEARS OR PRELDADS TAG
ALF, 4 NONZERD MEANS ALF MODE.

LOCLD,2,43 SAw COUNT GIVES COL 81 = 43.
LOCCG, 2442 WAS COL 80 PROCESSED.

040 CLEAR ACCUMULATOR.

& SHIFT NEXT CHARACTER INTO ACC.
LOCCE,2,14 COUNT DOWN BY 14

RECORO+3,2 LOAC NEXT wORD

84,2469 JuMP BACK COUNTER.
LOCCF,4,0 RETURN IF ALF MGCDE.

Osi MOYE CHR. INTO INDEX 1
LOLCF, 1,48 TRA MEANS GOOU CHARACTER.
LOLCCy 1447 TRA IF BLANK

LOLCF41,43 TRA [F GOOD CHARACTER.
LOLCF, 1,42 TRA IF GOOD CHARACTER.
TAG HERE ON $

PRINT HERE ON $% GO PRINT
LOLCA $ GOCS TO TAG.

02540
02550
02560
92570

02580
02590
42600
02610
02620
02630
02640
02650
02660
02670
02680
02690
027G0
02710
02720
02730
02740
02750
02760
02770
02780
02790
02800
G2810
02820
02830
02840
02850
02860
02870
02880
02890
02300
02910
02920
02930
02940
02950
02960
02370
02380
02930
Q3000
03010
d3020
03030
03040
03050
03060
03070
03080
043090
83100
03110
03120
03130

03150
03160
03170
03180
03190
03200
03210
03220
D3230
03240
03250
03260
03270
03280
03290
03300
03310
03320
03330
03340
03350
03340
03370
03380
03350
3400
03410
03420
03430
03440
03450
03460
03470
03480
03490
03500
Q03510
03520
03530



LUCCF

PRINT

L0CCe

LocCy

LacLxK

SGNOUT

Lucauy

our

CLEAR

COMPAR

LOCDA

Locoa
Lococ

SXD
STQ
ACD
STO
toe
$YT2Z
ST
LXD
LXD
TRA
REM
STQ
XEC»
XEC
LoQ
LGL
LoQ
AXTY
5TQ
TIiX
LGR
STQ
AXT
oo
STQ
TIX
TSX
TRA
XEC
XECe
512
AXT
LDQ
§7Q
TIX
CLA
510
AXT
CcLs
$T0
LGL
LO0Q
LGR
51Q
LoQ
TRA
REM
REM
LXD
TXH
XECe
AXT
LoQ
$TQ
TIxX
AXT
LOGQ
STQ
TiX
T6X
XECs
CALL
REM
BCI
REM

fs2

Q

TAG

WORD

SIuN

SIGN

TAG
TEMP-17,4
TEMP-10,2

Ly4
PRINT OUT THE

Q

${TES!}
READ.

<

[

BLANK

4ok
OUTBUF+19,4
#-l4b,1

6

OUTBUF
14,4
RELORD+2,4
QUTBUF+15,4
*=244,1
PRINX, 4
43

READ.
${TES)

AL

14,2
INBUF+14,2
RECORD+2,2
=2,2,1
TSxRL
READ.

84,2

RECORD+1
RECORD-12
LOCCA

3

SAVE SAw COUNT

SAVE UNUSED CHARACTERS.

ATTACH $ SIGN IF PRESENT.

SAVE THE CHARACTER AT WORD.

SIGN OF MQ NEGATIVE IF NEw CARD.
CLEAR SIGN.

CLEAR TAG OF ANY $

RETURN
CAROS.

CHECK FOR QUIET BUFFERS.
FETCH NEXT CARD.

SPACE CONTROL SAFE IN ACC

FILL END OF QUTPUT
BUFFER WwITH BLANKS.

SPACE CONTROL BACK TD MQ.
STORE SPACE CONTROL.

ALMOST ALWAYS A NOP.

WAIT FOR QUIET READ BUFFER.
CLEAR THE $$% CHARACTERS.
FETCH CARD.

14 WORDS

OPEN READ. GATE

CARD COL 1 IS 84
SET MINUS ZERQ IN SIGN

SAYE COLUMN 79 AND 80
8LANK OUT COLUMN 81 TQ 84
MAY HAVE LOOK AHEAD

COMES HERE ON END OF FILE FLAG

TESTJK, 4
RTNs4,0
$(TES)

b44
OUT+6,4
OUTBUF+6,4
=Ly,
13,4

BLANK
OUTBUF*19,4
2=Lly4, 1
PRINX %
${TES)
$EXIY

WAS DATA LOADED. VYES RTN
WAIT FOR QUIEY OQUTPUT BUFFER

WAIT FOR QUIET BUFFER.
THIS WAY OUT FOR KEEPS

6+ 1END QF FILE INPUT TAPE JOB COMPLETE

REM END OF THE SAP SUBROUTINE CHRCTR.

EJEC

T

REM THIS IS SUBROUTINE CLEAR. [T INITIALIZES
REM NECESSARY PARAMETERS FOR SUBROUTINE STORE.

REM
S$x0
§12
$X0
TRA
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
L0Q
AXT
PXD
LGL
TIE
CAS
TXI
TRA
X1
CLa
TRA

JeQ
VAR
MSHIFT,0
Lot

SEV J 1D O.
CLEAR VAR{1l}.

RESET MSHIFT,
RETURN TO CALLING PROGRAM

END QF THE SAP SUBRGUTINE CLEAR.

ThiIS Ta FUNCTION COMPAR. IT EXAMINES THE CURRENT
CHARACTER ANO TESTS IT AGAINST THE CHARACTERS
FOUND IN THE ARGUMENT. ALPHABETIC AND NUMERIC
SPLITS ARE MADE IF THE CHARACTER IS5 NOT FOUND

IN THE ARGUMENT

THESE TESTS ARE COUNTED AND

THE NUMBER LEFT IN INDEX 2 CORRESPONDS TO THE

SUCCESSFUL TEST

IF NO TEST IS SUCCESSFUL

THEN INDEX 2 CORRESPONDS YO THE TOTAL TESTS +¢l.

Li4

e

0,0

&

LOCOD
WORD
LOCDA, 2,1
LaL0C
LOuDA,2,1
wOKD

2,4

USE FIRST ARGUMENT IN CALLING

PULL IN 1ST TEST CHARACTER.
OONE [F ZERQ.

CHECK TEST WORD AGAINST CARD
CHARACTER,

EQUAL.

NOT EQUAL. GET NEXT TEST
CHARACTER.

PROGRAM RETURN,

03540
03550
03560
03570
03580
03590
03600
03610
03620
03630
03640
03650
03660
03670
03680
03690
03700
03710
03720
03730
03740
03750
03760
03770
03780
03790
03800
03810
43820
03830
03840
43850
03860
03870
03880
03890
03900
03910
03920
03930

03940
03950
03960
03970
03980
03990
04000
D4&DIC
04020
04030
04040
04050
04060
04070
04080
04090
04100
04110
C4120
04130
04150
041460
04170
04180
04190
04200
04210
04220
04230
04240
04250
04260
04270
04280
04290
04300
04310
06320
04330
04340
04350
04360
04370
04380
04390
04400
04410
04420
04430
Q4440
04450
04460
04470
0448D

7



toCDD CLA 2,4 USE SECOND ARGUMENT IN THE CALLING 04490

78

POX Gyl SEQUENCE (DECREMENT) AS THE TEST 04500
TNX LOCDC,1,1024 FOR ALPHABETIC-NUMERIC SPLIT. 04510
5X0 LOCOF, 1 BECOMES INCREMENT 04520
LXA WORD, 1 CHARACTER YO IRA 04530
XL LOLDC 1,9 NUMERIC 04540
TXH LOCDF, 1,57 SPECIAL O ZONE, $X 04550
TXH LOCDE 149 ALPHABETIC O IONE, NO / 04560
TIX 621,32 KNOCK OFF 11 IONE EXCEPT - 04570
TIX el l, 16 KNOCK OFF 12 IONE EXCEPT + 04580
REM + AND - SIGNS WILL BE [16)10, / WILL BE {17110 04590
TXH LOCDF,1,9 SPECIAL 04600
LOCDE TX1 LOCOF,2,~1 ADJUST TRB FOR ALPHABETIC 04610
LOCDF TXI LOLDC, 2,0 ADJUSY [RB FOR SPLIT 04620
REM 04630
REM END OF THE SAP SUBRDUTINE COMPAR. 04640
EJECT 04650
REM THIS IS SUBROUTINE ERROR. 1T IS CALLED IF AN . 04660
REM ERROR wAS DETECTED UN ANY OF THE INPUT CARDS. 04670
REM 04680
ERROR 5XA "eleh SAVE SOURCE 04690
XECe ${TES)H wAIT FOR QUIET BUFFERS 04700
AXT e 4 04710
CLA 14 GET PRINT ARGUMENT 04720
s$10 OUTBUF 04730
AxT 1x1 04740
CAS R 04750
TRA se3 S THROUGH ¥ 04760
X1 wol,ly=~1 R 04770
MESSA PXD BLANK+4,1 A THROUGH N 04780
ARA =Tul7 04790
ARS 16 04800
ACL ME»SA 04810
STA 102. 04820
AXY s 04830
102. LDQ 5o, 4 04840
sTQ QUTUF+5,4 04850
Tix —Zya,1 04860
AXT 14,4 04870
L0Q RECORD+2,4 04880
s$TQ OUTBUF+19,4 04890
Tix *=2,4,1 04580
TSX PRINY, & 04910
XECe ${TES) WAIT FDR QUIEY BUFFER 04920
AXT 19,2 04930
CLA BLANK 04940
s$T0 OUTBUF+19,2 04950
TIX =1,2,1 04960
LoQ M . PICK UP » 04970
LXD 192 SAW COUNT 04980
AL #42,2,71 BACK UP IF OVER 71 04990
L #+3,2,-69 05000
RQL [ ROTATE ACCORDING TO CHR PART. 05010
TIX =1,241% COUNT CHARACTER PART. 05020
$TQ OUTBUF+19,2  STORE ACCOROING TO RESIDUAL 05030
5% PRINX,4 PRINT THE e 05040
XECe ${TES) WAIT FOR THE * TO BE PRINTED 05050
LXD ER3W, 4 PICK UP ERROR SW]TCH. 05060
TXL LOLTUT 44,0 NON ZERQ MEANS TRY NEXT SET 05070
AXT 120844 BYPASS MARK 05080
SXD BLANK, & MARK BYPASSED CARDS 05090
LXA NREGL 44 NONZERO IF THIS $DATA CARO. 05100
XL 242,4,0 05110
TSX READ.+1,4 CRASH READ GATE IF S$DATA [ARD. 05120
LOCEB  TSX CHRCTR, & SKIP TO NEXT $DATA AND TRY THAT SET. 05130
QP LOCEB 05140
SuB =HJ000$0 05150
TN LOGEC TRA NOT A $SDATA CARD 05160
STQs NREGL-1 PUTS - SIGN IN TABLE(1) 05170
LX0 BLANK+7 44 05180
5X0 BLANK, 4 05190
LKD INOX+2,4 05200
TRA LOCA 05210
LOCEC 400 =5 TEST FOR END FILE FLAG 05220
TZE SGNOUT END FILE.. GET OFF 05230
TRA  LOLEB OTHER 05240
REM 05250
REM ERROR MESSAGES. FIRST WORD ALSO USED AS A BLANK. 05260
BLANK BCI 4y REDUNDANCY CHECK 05270
8CI 4y ILLEGAL CHARACTER 05280
BCl 4,NO MANTISSA BEFORE E. 05290
BCI 4,ND ENTRY IN TABLE 05300
.11 4¢$TYPE MISSING OR WRONG 95310
8CI 4,EXPON. OUT OF RANGE 05320
REM 05330
REM END OF THE SAP SUBROUTINE ERROR. 05340
EJECT 05350
REM THIS IS SUBROUTINE LOOK. IT SEARCHES THE TABLE 05360
REM FOR THE NAME STORED AT LOCATION VAR. IF FOUND, 05370
REM THE ACC IS NON-ZERQ AT THE RETURN. 05380
REM 05390
LODK  SXD TEMP-12,4 SAVE INDEX REGISTER C. 05400
CLA J SUBRDUTINE. 05410
SYD LOCFE 05420
AXT 2,2 JK = 2 IN INDEX B 05430
AXT Lol J1 = | IN INDEX & 05440
LOCFA CAL ., 2 CAL TABV{JK}. 05450
TZE LOCFG NG ENTRY THIS VARIABLE 05460
STD LOLFD OECREMENT HAS NEXT 05470
ACL =D377777000000 05480
AKA 0377777000000 ENTRY LOC. SAVE DECR 05490
SUB 3 ONLY.  CHECK ENTRY LENGTH. 05500
TN LOCFD 1F NOT THE SAME, LODK AT NEXT ENTR 05510
PXD 0,2 05520
PDX 044 JM = JK IN INDEX C. 05530



LOCF8
LOCFC

LOCFD
LOCFE
LOCFF

LOCFG

NAME

L0CGR
LOCGC

LOCGE

LOCGF

LOCGG

ERRT

LOCGH

LOCGY

LOCGK

LOCGL

ERRC

NUMBER

LOUCHA

CLA VAR+1,1 SeE IF VAR AND THIS

CAS “r, 4 ENTRY AGREE

TRA "2 {F 50, CHECX REST OF NAME
X1 *4244,1 RATSE JM 8Y ONE.

X1 LOCFA~1,240%0 I[F NOT SO, GU TO NEXT ENTRY.
<] #+ly1,1 RAISE J1 BY ONE.

TXL LOCFBylyne FINISHED IF J1 [S GREATER THAN J.
TEX CLEAR 4 CLEAR IF THE ENTRY AGREES.
CLAe LUCFA

ST0 1LGC SAVE COMMDN INDEX AT 1i0C.

LXD TEMP-12,4 PREPARE TD RETURN.

TRA 1.4 RETURN TO THE CALLING PROGRAM.
REM

RENR

REM END OF THE SAP SUBROUTINE LOOK.

EJECT

REM THIS IS SUBROUTINE NAME. IT [S USED TO

REM CORRELATE NAMES FROM INPUT CARDS WITH INTERNAL
REM MEMORY LOCATIONS BY REFERRING TO THE TABLE.
REM

REM

SxD TEMP-20,4 SAVE [INDEX (.

REM GET The REST OF THE VARIABLE NAME. STOP AT ANY
REM NON ALPHANUMERIC CHARACTER.

THX STORE.4

TSX CHRCTR+ 4

TQP o+ MINUS FOR NEW CARD
TSX TEST,4 COMMA MAY BE NEEDED.
TNZ a+3 L00K FOR IERO. IF ZERQO, MAKE IT
ACL =HO00000 A LETTER O

570 WORD

TSX CUMPAR, 4

BCI 1,={0000

TRA 245,251

TRA LOCGF JUNK OR OPERATORS

TRA LOCGB NUMERIC OR ALPHABETIC
TRA LOLGG t SIGN

$72 ILGCL = SIGN

REM GO TO THE TABLE LOOKUP ROUTINE IF AN = SIGN
REM OR AN UPERATOR WAS FOUND.

T8X LOOK, & FIND THE NAME IN TABLE.

TIE ERRT NAME wWAS FOUND IN TABLE IF NON-ZER
LXA ILuC,2

TRA LOCGL

REN

REM GO TO THE TABLE VARIABLE LOOKUP ROUTINE 1F A
REM { SIGN wAS FOUND.

TS8X LUCK, 4

TNZ LBLGY

TSX ERROR, 4

8Cl 1+0(T)

REM CONVERT THE INDEX TO BINARY.

T8X BINARY, 4

REM GET THE NUMERICS FOR THE INDEX TO THE VARJAMLE.
T3X CHRCTR, 4

TxL LULGH,1,9 NUMERIC

TXL ERKC,1,27 JUNK

TXH ERRC, 1,429 JUNK

TSX CHRCTR, 4 ) SIGN. GET NEXT CHARACTER.
TCP "2 MINUS FOR NEW CARD

75X TESTy 4 COMMA MAYBE NEEDED.

TBX COMPAR, &

BCI 1,200000

TRA ®44,42,1

TRA LOCGK OPERATORS

TRA ERRL ALPHABETIC AND NUMERIC

STL 1L0CL = SIGN

REM

CLA VAR COMPUTE STORING INDEX.

ACL TLuc

PAX 0,2 STORE ADDRESS AT DECREMENT wITHOUT
X1 #l,2,-1

5x0 JK, 2 ACCUMULATOR OVERFLOW.

CLa 1Lucl

LXD TEMP-20,4 RESTORE INDEX C.

TRA le4 RETURN TO CALLING PROGRAM.
REM CONSTANTS AND ERROR CALL.

15X ERAOR+4

acl 1,0(C1

REM

REM END OF THE SAP SUBROUTINE NAME.

EJECY

REM THIS I> SUBROUTINE NUMBER. IT IS USED 7O

REM ASSEMBLE NUMERIC DATA FROM CARDS. ALL VALUES ARE
REM TREATEL AS FLOATING POINT NUMBERS IN THIS ROUTINE.
REM

SXx0 TEMP=23,4 SAVE INDEx C.

SxD KNT244 INITIALEZE

53TZ KNT3 _ THE SUBROUTINE

$12 KNT1 BRANCH PARAMETERS.
$TL KNT4

ST TEMP

TRA LOCHE

REM

TSX CHRCTR, 4

TQP 42, MINUS MEANS FROM NEW CARD
T5X TEST,4

05540
05550
05560
05570
05580
05590
05600
05610
05620
05630
05640
05650
05660
05670
05680
05690
05700
05710
05720
05730
05740
05750
Q5760
05770
05780
05790
05800
05810
05820
05830
05840
05850
05860
05870
05880
05890
05900
05910
05920
05930
05940
05950
05960
05970
05980
05990
06000
06010
06020
06030
06040
06050
06060
06070
06080
06090
06100
06110
06120
06130
06140
06150
08160
06170
06180
06190
06200
06210
06220
06230
06240
06250
06260
06270
06280
06290
06300
06310
06320
06330
06340
06350
06360
06370
06380
06390
06400
06410
06420
06430
06440
06450
06460
06470
06480
06490
06500

79



80

LOCHB

LOCHC

LOCHD

LOCHDL

LOCKD2

LOCHE

LOCHF

LOCHG

LOCHH

LOCHI

LOCHK

LOCHL

LOCHN

LOCHN

LOCHO

LOCHQ

T5X
8C1

TH]
FMP
FRN
TRA
5TQ
CLA
FOP
XCA
LXO
TRA

COMPAR, &
1+.EQQ000
#90,242
LOCHK
ERRE
LOCHC
LOLHE
KNT2
43
ERROR, &
1,0{N)
KNT2
NEXP
LOCkA
NEXP
=1835
NEXP .
KNTI L
LOCHD2+1,10
BINARY, &
LOCHA
etlylyl
KNT1,1
LOCHA
COMES HERE WHEN
KNT1
LOCHH
ERROR, 4
1,015}
KNT2
[ ¥
KNT3
LOCHK-2
TEMP
KNT4
CRRF
KNT%,2
CHRCTR, &
42,
TEST+4
COMPAR, &
1,+-.000
474242
LOCHK~2
ERRF
LOCHY
ERRF
LOCKHG

JUNK OR AN OPERATOR

ALPHABETIC

NUMERIC

€

DECIMAL POINT,

ZERO MEANS THIS IS THE SECOND POIN

COUNT THE NUMBER OF OIGITS BEHIND
THE. [IF THERE IS ONE

DO NOT ACCUMULATE PAST 1O
CONVERT THE DIGIT TO BINAAY.
DC NOY COUNT LEADING ZERDS.
COUNT TOTAL NO. OF DIGITS

THE EXPONENT FIELD IS
ENCOUNTERED.
THERE MUST BE AT LEASY ONE DIGIT
BEFORE THE € OF AN E FORMAT NUMBER

SEE IF EXPONENT DIGITS HAVE ARRIVE

SEE IF EXPONENT DIGITS HWAVE ARRIVE
NON ZERQ MEANS SIGN IS5 OPERATOR.
STORE SIGN DOF EXPONENT.

NONZERQ MEANS MORE THAN 1 EXP SIGN
MAKE NOZEROD.

HINUS MEANS FROM NEW CARD

OTHERS
ALPHABETIC
NUMERIC
DECTMAL
HINUS

LOCHF PLUS
CONVERY THE EXPONENT TO BINARY.

TEMP

2

TEMP

1

HWORO
TEMP
KNT3,2

LGCHH
CDHES HERE WHEN
13

RECORD FACT FDR SECOND SIGN.

AN GPERATOR WAS FOUND.
TEST FOR THE PRESENCE OF EXPONENT.

ElRF ZERD MEANS NO EXPONENT CAME.
KNT2
as2
NEXP
KNT1 SEE IF MDRE THAN TEN NUMBERS HAVE
=10835 BEEN CONVERTED
42 IF SO, USE THE DIFFERENCE IN THE
0,0 CUMPUTATION OF THE EXPONENT.
NEXP
TEMP
NEXP
MANTISSA IN VAR AND THE EXPONENT 1S IN NEXP.

VAR
LOCHY SHORT CUT IF ZEROD.
=0¢ 33000000000 CHARACTERISTIC FOR LOW 8ITS
8 LOw 8 BITS TO HQ
8
0 BRING SIGN
VAR
=0243000000000 CHARACTERISTIC FOR HIGH BITS
VAR
VAR
NEXP THE EXPONENT
1.2
1. PUT L IN MQ

EXPONENT IN ACCU
LOCEN FOUND NO B81T.
ERRV, 2,6 EXPONENT EXTEEDS 63
VAR-2
TaBdel,2 THIS FORMS 10 eeNEXP

SAVE IN MQ

VAR-2
1
LOCHN 10eeNEXP FINISHED.
LOCHL, 241
LOCHD MULTIPLY IF PLUS.
VAR
LOCHQ
VAR=-2
VAR DIVIDE IF NEXP IS MINUS.
VAR-Z

ANSWER BACK TO THE ACCUM
TiHP-23,6 RESTORE INDEX C.

RETUARN TD CALLING PRUGRAM.

e
REM TNGSE ARE THE ERROR CALLS FOR SUB NUMBR.

06510
06520
06530
06540
06550
06540
06570
08520
06590
06600
06610
06620
06630
06640
06650
06660
065670
06680
064690
06700
06710

06720

06730
06740
06750
067560
06770
06780
06790
06800
0é8lo
06820
06830
06840
06850
06860
06870
06880
06890
36900
aé910
as920
06930
08940
06950
06960
06970
06980
86990
07000
@7010
471020
07030
47040
07050
07060
ar070
87080
g7090
07100
07110
07120
07130
07140
Q7150
07160
071170
07180
07190
07200
07210
07220
07230
47240
07250
07260
07270
07280
07290
07300
07310
07320
07330
Q7340
07350
07360
97370
Q7380
07390
07400
07410
07420
07430
Q7440
07450
Q7460
Q7470
QT480
07490
Q7500
a7510
91520
07530
07540
07550
07560
01570



ERRE
ERRF

ERRY

TA8

STORE

LOCJA

LaocJs

TABLE

LOCKA

LOCKk8

LoCkC

LOCKD

LOCKE

LOCKF
LOCKG

LOCKM
LOCKY

TSX ERROR, 4

8Cl L« QLED

TE8X ERKRCR, 4

8CI L401F}

TSX% ERROR 4

BCI 1,01V}

REM

REM THIS I> THE FLODATING PT. VABLE USED IN DBC
DEC 1E+32,1E+16,1E¢By LE+4, LE+2 CONVERSIDN TABLE
0EC 1E+]

REM

REM END OF THE SAP SUBROUTINE NUMBER.

EJECT

REM THIS IS SUBROUTINE STORE. IT STORES CHARACTERS
REM AT THE ARRAY VAR.

REM

SxD TEMP-13,1 SAVE INDEX A,

SXD TEMP-14,2 SAVE INDEX B.

XD Jol PUT J INTO INDEX REGISTER A.

LXD MSHIFY,2 LUAD INDEX 8 WITH MSHIFT.

TIX LOLIB, 2,44 ADVANCE MSHIFT.

AXT 36,2 REFRESH MSHIFT.

R 3 s+l,lyl RAISE J BY ONE IF MSHIFT IS5 OVER

512 VAd, 1 CLEAR NEXT CELL

CLA wORD LEAVE SIGN BEMIND

L0Q =0

LGR 42,2 MUVE CHARACTER

57Q TEMP-T PLACES VO THE LEFTY.

CAL TEMP-T

ORS VAR+L,1 STORE THE CHARACTER AT VAR.
SXD MSHIFT,2 SAVE MSHIFT.

SXD Jal SAVE J.

LXD TEMP-13,1 RESTORE INDEX A.

LXD TEMP-14,2 RESTORE INDEX B.

TRA 144 RETURN TO CALLING PROGRAM.
REM

AEW END QF THE SAP SUBROQUTINE STORE.

EJECT

REM THIS IS5 SUBROUTINE TABLE. IT [S USED TO

REM CONSTRUCT A TABLE OF NAMES TO BE USED OGN CARDS
REM ANO THEIR MEMORY LOCATIONS RELATIVE YO ARG 2 OF
REM TwE CALLING SEQUENCE.

REM

REM

$XD TEMP-15,6 SAVE INDEX C.

ST2 TEMP

TSX CHRCTR, 4

15X COMPAR, &

8C1 1,,000G0

TRA 045,242

TRA LOCKD*1 JUNK

TRA LOCKA ALPHABETIC

TRA LoCKkoel NUMERIC

STz TEMP COMMA

TRA LOCKD

REM COMES HERE YO CONVERT THE ADDRESS TG OCTAL FOR
CLA TEMP THE TABLE.

ALS 2

ADD TEMP

ALS 1

ACL WORD

sT1Q TEMP AUDS TO MAGNITUDE
REM

REM COMES HERE TO GET NUMERICS.

15X CHRCTR, 4

T5X COMPAR, 4

8C! 1,.27000

TRA +T7,2,2

TRA ERRA JUNK

TRA ERRA ALPHABETIC

TRA LOCKC NUMER IC

TRA LOCKT / CHARACTER
TRA LOCKF = SIGN

REM

REM COMES HERE IF A DECIMAL PT WAS FOUND.
CAL TEMP DECIMAL POINT

CHS MAKE SIGN MINUS
570 TENP

TRA LOLKD

REM

REM COMES HERE IF AN = SIGN WAS FOUND.
TSX CLEAR 4

15X CHACTR, 4

ToP e, MINUS MEANS FRUM NEW CARD
5% TESTT, 4

1213 LOCKH

TEX COMPAR, 4

BcI 1,/,0000

TRA *+5,2,1

TRA ERRG JUNK

TRA LOCKJS ALPHABETIC OR NUMERIC
SXD Be2 COMMA

SKD 8,2 SLASH

TRA LOCKK

REM

REM COMES HERE TO STORE CHARACTER.

ACL =H000000 REPLACE ZERQ WITH LETTER O
sT0 WORD

TSX STORE, &

TRA LOCKG

REM COMES HERE AT END OF NAME.

07580
07590
47600
07610
07620
07630
07640
07650
07660
07670
07680
07690
07700

07710
07720
Q7730
07740
Q7750
07760
Q7770
07780
07790
o7800
07810
07820
07830
07840
07850
07860
07870
07880
07890
07900
07910
07920
07930
07940
07950
07960
07970
07980
07990
08000
08010
08020
08030
08040
08050
08060
08070
og8oso
080%0
08100
08110
oaizo
08130
08140
08150
08160
0B170
oaliao
081390
08200
08210
Qaz220
08230
08240
08250
08260
08270
08280
4Ga2%0
03300
g83l1o0
08320
08330
08340
08350
08360
08370
Q8380
08330
08400
08410
08420
08430
08440
08450
08460
08470
08480
08490
08500
08510
08520
08530
08540
08350
08560
08570
085680

e

81



I LOCKK  T5X LOOK &
INZ LOCKR GOES YO LOCKR IF THERE IS AN ENTRY
LXD Jel
=i selyl,yl ASSEMBLE KEY
Px0 [ 17 IRB HAS FIRST FREE LOC.
ACL TEMP
LOCKL Stw e ,2 STORE KEY INTO TABLE
SX0 a¢l,l ADVANCE YO END
X1 el 2,00
LOCKM CAL VAR+1,1 MOVE NAME, O TO TABLE
LOCKN xEC LOTKL SLW IN TABLE
TNX we2ylad TRANSFER WHEN DONE
%1 LOCKM,2,-1 GO BACK TO FINISH
ARS 34 KEEP IONE OF 1ST VAR CH.
TIE ERRG WAS NUMERIC, DR J=0
REM
REM REEXAMINE THE CUT OFF CMARACTER,
LOCKP LXD By2
TXH LOCKB, 241 COMMA
LOCKQ LXD TEMP-15,4 / CHARACTER
TRA Led RETURN.
REM
REM COMES HERE TO REPLACE KEY
LOCKR ANA =0377777000000 J+1 [N DECREMENT
AGL TEMP LOCATEON AND SIGN
LDCKS XEC LOCKL SLW IN TABLE
TRA LOCKP
LOCKY CAL TEMP 15 / LEGAL
T21E LOCKR YE
REM TRA ERRA NO, NUMERICS WAITING
REM
REM THESE ARE THE ERRCR CALLS.
ERRA  TSX ERROR &
BCI 1.0(4)
ERRG  TSX ERROR+ &
(194 1,016)
REM
REM END OF THE SAP SUBROUTINE TABLE
EJECT
REM THIS IS SUBROUTINE TEST. IV LOOKS AMEAD VO CLASSIFY
REM A NEW CARD. ACOMMA WILL BE PUT INTD THE CURRENT
REM CHARACTER POSITION ONLY IF EITHER (1) THE NEXT
REM CARD BEGINS WwiITH A & SIGN FOLLOWED BY SOME OTHER
REM CHARACLTER OR {(2) THE NEXT CARD BEGINS WITH AN
REM ALPHABETIC AND AN = SIGN IS FOUND AND IT PRECEEDS
REM ALL , 8 AND . CHARACTERS ON THAT CAROD.
REM
REM
TEST  SKD TEMP-12,4 SAVE INDEX FOR RETURN.
sud *=HO000 30 TEST FOR A § SIGN.
oL LOCLA POSITIVE MEANS $ SIGN.
XEC READ. SAFE YO REFILL BUFFER
XL LOCLB, 1,16 NUMBERS AND SPECIAL
TIX #+141,33 FIX 50 SLASH 1S SPECIAL
TIX *, 1,10 MOD OUT ZONE
TXH LOCLB, 1.9 SPECIALS
REM ALPHABETIC COME THRU.
LOCLE  AKT 15,1 SCAN THE CARD.
L0Q RECOAD+3.1
1 esly1469 FOR CHARACTER COUNT
THL LOCLB, 1,70 OUNE IF WHOLE CARD SCUANNED
LaCLO PXD 0.0 OK TO:5EARCH 84 COLUNMS
L6L 3
PAX Ds2 20KE TO IRS
ANA =017 KEEP DIGIT
sua =013 DIGIT PART OF ,$.= CHR.
T2E LOLLY CHECK ZONE
Tix LOCLD 1,14 TRY NEXT CHARACTER
TRA LOCLC+)
LOCLY TXH LOCLB, 2,15 1 o 8§ NEED NO COMMA
LOCLA  AXT Béa, 1l 84 1S CARD COL 1
SXD 1ed - RESET CHRCTR TO BEGIN CARD
CLA RELORD-12
SY0 Q
CcLA =H00000, SUBSTITUTE A COMMA.
570 WORD
LOCL8 LXD TEMP-12,4
CLA WORD IN AC FOR SR NAME, VABLE
TRA 1.4 RETUARN TU THE CALLING PRUGRAM.
REN
REN FOR TABLE Su8 STATEMENTS
TESYT SX0 TEMP-12,4
AXT 84,4 1F NEXT CARD HAS VALID
L0Q RECORD~12 LEFY PART OF SUBSTATEMENT
LOCNB PXD 0,0
LGL 5
PAX 0,2
TXH LOCLBy 2,48 0 IONES EXCEPY BLANK
TXH LOCNC, 2447 BLANK
TXH LOCLB, 2,27 1L IONES AND )
TKH LOCLA, 2426 .
TXH LOLLBy 2,11 12 IONES AND 8-4
TXH LOCLA,2,10 =
LOCNC  TIX LOCNB, 4,14 NUMER ICS AND BLANK
Lo RECORD*3 44
TNX LOCLB, 4,1
™t LOLNB, 4,70
REM
REM ENO OF THE SAP SUBROUTINE TVEST.
EJECT
REM THE FOLLOWING FOUR SUBROUTINES ARE USED TO
REM CONVERT DECIMAL DIGITS TO BINARY [N VAR,
REM F(X FLOATING PDINT NUMBERS, FLOAT FIXED POINT
REM NUMBERS, AND FORM ARITHMETIC RESULTS IN THE
REM PSEUDO ACCUMU LATOR [ACC) FOR EACH OPERATION
REM OGN A CARD.
REM

82

08590
08600
08610
08620
08630
08640
08650
08660
085670
Q8680
08690
08700
08710
08720
08730
carso
08750
08760
08770
o8780
08790
08800
08810
08820
08830
08840
08850
Q8860
Q8870
Q8880
08890
38900
08910
08920
08930
08940
08950
08960
08370
06980
08330
03000
09010
09020
09030
09040
058050
09050
09070
09080
09090
09100
09110

09130
09140
09150
09160
09170
09180
09190
09200
09210
09220
09230
09240
99250
09260
09270
09280
09290
09300
09310
09320
09330
09340
09350
09350
09370
09380

49390
49400
09410
09420
09430
09440
09450
09460
09470
09480
09490
03500
09510
09520
09530
09540
09550
09560
89570
09580
49590
09600
09610
09620
09630
09640



BINARY

FLT

FIx

ACCUN

ACCUN

LOCMA

tocMe

PRINX

PRINY

TSXMR
10cD

READ.

AXT

TSXTS

TSXTY

RIT

R
SXA.

CLA YAR ACl
ALS 2 01
ADD VAR

ALS 1

ACL WORD

570 VAR

TRA 1.4

REM

CLA TEMP - Cal
LRS i8 Cal
DRA =0233000000000
FAD =0233000000000
570 TERP LE
TRA 14

REM

UFA =0233000000000
LRS 0 [+12
ANA =037177177

s 0

ALS 18 LE
TRA Lot TH
REMX

LXD OPER,2 8R.
ST OPER PR
CLA TEHWP

TRA 45,2

TRA LOCHB 3
TRA LOCKA 7
CHS L
FAD ACC PL
S$¥O ACC

TRA 1.4

REM

CLA ACC 01
FOP TEnP

$TQ ACC

TRA 1i4

REM

LoQ ACC LIVl
Fup TERP

TRA ACCUN

REM

REM

REM END OF THE 5AP SyBRO
EJECT

REM SUBROUTINE PRINX ORA
EM

R

SHA PRINY, &

CLA OUTAPE La
CaLL (10s)

AXC 10CD, 4

XECe ${wWRS)
XECe ${RCH)

PXA Os4
$The ${u1C)
CLA TSX¥R
STOs $(TES)
AXT se,4
TRA le4

CALL {MER)
I10RT OUTBUF,,1%

REM SUBROUTINE REAO. FILLS READ BUFFER FROM LOGICAL TAPE 7.

EJECT

5% READ.+1,4

cLa =0076100000000
$T0 -2

SXA AXT 4

(4% ) INTAPE Lol
CALL {108}

AXC 10C0.s4

XECs ${RDS)
XECs ${RCH]

CLA TSXTS

$¥0s $ITES)

AKT LYY

TRA Iy4

TS« orlebh

SKA AXT o5

CLA =0076100000000
$70e $ITES)

AXT Seh

SHA RTT,%

AXC “+l.h

XECe $1TCO}

AXC RTT.4

XECe ${TRC)

AXC XiTes4
XECs SITEF}

TRA AXT

AXT e, 4

Tix SKA.obel
AXT 14,4

CLA INBUF+14,4&
570 RECQRO+2,4
TiX #=244y1
AXY Bé, % HAl
SXD 1,4

T5xX ERRCR %
8cl 1,0(R]

SXA RTT, &

AXC .2,k

XECs S{TEF)
XECs ${6SR)
AXC 10CD.. 4
XECe ${RDS)
XECe $(RCH)
TRA sxrr

CUMULATE A SERIES OF BASE 10
GITS IN BINARY IN VAR,

NVERT TO FLOATING POINT THE

INTENTS OF THE STORAGE CALLED
TEMP.

AVE THE ANSWER I[N TEMP.

CONV TO FIXED PT THE CONT
THE ACCUMULATOR.

AVE THE FIXED POINT NUMBER IN
E ACCUMULATOR.

ANCH FOR OPERATOR
EPARE FOR NEXT OPERATOR.

VIDE.

LTIPLY.

UTINES ACCUM, FIX, FLOAT.
INS PRINT BUFFER TO LOGICAL TAPE

GIVEN IN DECREMENT OF OUTAPE

BUFFERED WRITE ROUTINE
GICAL QUTPUT TAPE NUMBER

WO ——.

aRCHL 0,4

SAVE LOC OF

10 COMMAND FOR {WER)
PRESET END ACTION

EXECUTED FROM [(TES)

READ. GATE INITLALLY OPEN
CLOSE READ GATE

GICAL INPUT TAPE NO.

=RTOLS
=RCHL 0,4
SET UP BUFFER TEST

EXECUTED FROM [TES)
CLOSE DUT BUFFER
SAY BUFFER [S QUIET

PRESEY REDUNDANCY
COUNT

=TCOL 0.4

=TRCL 0,4

=TEFL 0,4 JOB COMPETE
RETURN

INTERROGATE COUNT
GIVE ANDTHER TRY

CARD SURE B8AD
SAVE IMAGE

KE ERROR ROUTINE LOSEe
IN INPUT BUFFER
SAVE COUNT

TURN QFF EOF IND
BACKSPALE,

REREAD

094650
09660
09670
09680
09490
09700
09710
09720
09730
09740
09750
09760
09770
09780
09790
09800
09810
09820
09830
09840
99850
09860
09870
09880
09690
09900
09910
09920
09930
09940
09950
09980
09970
09980
09990
10000
10010
10020
10020
10040
10050
100460
10070
10080
10090

10110

10130
10140
10150
10160
10170
10180
10190
10200
10210
10220
10230
10240
10250
10260
10270
10280
10290
10300

10320
10330
10340

10540
10550
10560
10570
10580
10590
10600
10610
10620
10630
10640
10650
10660
10670
10680
104690
10700
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1aCD. {ORT INSBUF,, 14 10710

XIT. CLa 20531700000000 FILE FLAG 10720
$T0 INGUF 10730
TRA AXT 10740
€JECT 10750
REM BUFFERS AND COMMON STORAGE ASSIGNMENT 107460
INBUF 8CI T+3E . 10770
acCl T ) - 10780
QUTBUF oCI Ty 10790
144 Ty 10800
B8CI S5e 10810
REM ssnesssssswwe COMMON STORAGE MAP 10820
COMMON -203 MOVE TQ TOP-3 10830
RECORG COMMON 13 CO IMG o-12 TOs+l 10840
I COMMON L CHARACTER POINTER FOR CARD 10850
ERSW COMMON L ERROR SwITCH ZERO = GEV UFF 10860
4] COMMON 1 UNTESTED CHARACTERS 10870
WORD COMMGN CURRENT CHARACTER 10880
DPER COMMON | DECR, REPRESENTS OPER. 10890
8 COMMON | TEMP INDEX [N SUB TABLL 10900
NEXP SYN 8 NUMERIC VALUE OF EXPONENT 10910
4 COMMON 1 COUNTER IN SuB STORE - 10920
MSHIFY COMNON 1 COUNTER IN SUB STORE 10930
1L0C  COMMON 1 DATA BROUGHT FROM TABLE 10940
TEMP COMMON 1 TEMPORARY STORAGES 10950
XKNT1 COMMON 1 COUNTER TOTAL DIGITS 10960
KNTZ COMMON | NONIERD UNTIL . FOUND 10970
KNT3  COMMON 1 ZERD UNTIL DIGIT [N EXP 10980
SIGN COMMON 1 MINUS IF SUB CHAR READS C 10990
TAG COMMON 1 SAVES § IN SUB CHAR 11000
ALF COMMON 1 NONZERO MEANS ALF MUDE . 11010
CORMON 1 11020
JK COMMON 1 SUBSCR CORR TO NAME 11030
COMMON 13 11040
JK1 CoMMON 1 CURR SUBSCR OF LEFY SIDE 11050
COMMON 11060
ACC COMMON L PSEUDO ACCUMULATOR L1070
1LOCL COMMON 1 tLOC FOR LEFT SIDE 11080
KNT4 COMMON ] NONZERO AFTER EXP SIGN 11090
VAR COMMON 152 SPACE FDR NAMES, ETC. iill00
. END 11110
COUNT 1
REM ONE WORD SUBROUTINE TD CONTROL BACKSPACE OF INPUT TAPE
L8L LINK: &
ENTRY {LINK)
(LINK) NOP
END



APPENDIX I

EXAMPLE IT: LUNAR ORBITING PROBE

This example of a lunar orbiting probe illustrates the use of the ephemeris
tape and the control parameters needed to consider the effects of perturbing
bodies, atmospheric forces, oblateness, rotating Earth, and thrust. No effort
was made to optimize this trajectory but rather to use plausible values for
illustrative purposes. It 1s suggested that the input instructions contained in
appendix G be read prior to the followlng detaliled discussion.

Suppose the probe was launched at Cape Canaveral on December 7, 1961, by a
three-stage vehicle with stage parameters as shown in the following table:

Parameters Stage
1 2 3

Initial mass, mg, kg 150,000 52,500 723,625
Engine exit area, Ag, m? 3.0 1.0 «5
Vacuum specific impulse, I, sec 420 420 420
Propellant flow rate, -, kg/sec 750 125 56.25
Burning time, tp, sec 117 207.9 370
Aerodynamic reference ares, S, m? Te5 4.0 2.0

Figure 4 shows the assumed variation of CD,O! CD,i: and Cj with Mach number as
well as the angle-of-attack schedule.

The vehicle will be flown as follows: First, there will be a short nondrag
vertical flight, after which the desired velocity orientation will be set, and
then a turn will be executed determined by gravity and the angle-of-attack sched-
ule until first-stage burnout. The second and third stages follow a continuation
of the same turning pattern. The third stage will be powered until the eccen-
tricity of the trajectory equals 1.10, It will then coast until it is at lunar
pericenter, at which time the engine will again be turned on (with a = ﬁ)_until
the orbit about the Moon becomes nearly circular,

The chosen integration mode will be rectangular for the powered flight, but
the mode of orbit elements will be used for the coast portions. Other bodies
considered besides the Earth and the vehicle are the Sun, the Moon, and Juplter.
Jupiter is included to illustrate the use of ellipse ephemerides. The Sun and
Moon wlll illustrate the use of the tape ephemeris.

The correct firing direction and launch time remain to be determined. This
determination can be made by finding approximate values and then adjusting these
values after one or more shots are fired. The adjustments could be made by an
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iteration scheme programed internally to make a closed system. For this exam-
ple, however, they were made by hand by firing several shots at various azimuth
angles close to an estimate obtalned by using reference 12 and an ephemeris.,
From a plot of the z-direction cosine of the vehicle-Moon distance agalnst
vehicle-Earth distance, the azimuth angle that will intersect the Moon orbit can
be determined. The correct launch time is found by using the previously deter-
mined azimuth angle and various times of day to determine the time of day at
which the vehicle intersects the correct position in the Moon orbit (location of
the Moon). This type of analysis gives an azimuth angle of about 64.5° and a
time of day of about 7.0% E.T. (E.T. is ephemeris time, which is approximately
equal to Greenwlch mesan time.) For the present purpose, these values will be
used,

The program begins by constructing the merged ephemeris tape for the Sun
and Moon. This is done by SUBROUTINE TAPE in conjunction with the input shown
as follows: :

$0ATA=30C ¢ TABLE,2=TAPE3,17=ELIST,29=BEGIN,3C=TEND/ %% ID. AND TABLF CEFINITION
TAPE3=C | $3 NECESSAKRY TL MAKE TAPE

ELIST={A3)SuUN, {A4)MOCN v LIST CF DESIRED EPHEMERIS BUDIES
TEEGIN=2437640.5 $3 JULIAN BEGINNING DAITE

TEND=1BEGIN+S $$ JULIAN ENDING DATE

After the merged ephemeris tape 1s constructed, the set of standard data in
SUBROUTINE STDATA 1s loaded, and the input is loaded as shown:

$DATA=1,$TABLE, 33=DTOFFJ, 34=TOFFT, 711=TIME, 716=X, 717=Y, 718=Z,
713=VX, 714=VY, 715=VZ, 11.=IMODE, 713=E, 714=OMEGA, 715=NODES,
716=INCL, 717=MA, 718=P, 43=LAT, 44=LONG, 45=AZI, 46=ELEV, 14=ALT,
47=VEL, 16=TFILE, 28=TMIN, 153=BODYCD, 177=ELIPS, 30.=MODOUT,
07=STEPS, 29=DELMAX, 26=STEPMX, 23=EREF, 24=ERLIMT, 4.=NSAVE,
5=RECALL, 3=CLEAR, 18,=LOOKX, 22=XLOOK, 19.=LOOKSW, 20=SWLOOK,
609.=INLOOK, 15=END, 31=ATMN, 32=RATM, 49=ROTATE, 417=COEFN,
163,=ICC, 60=BETA, 50=OBLATN, 73=TB, 93=FLOW, 103=SIMP, 123=AREA,
143=DELT, 83=RMASS, 113=AEXIT, 133.=IDENT, 48.=LSTAGE, 25=TKICK /
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BODYCD=(AS)EARTH, (A4 IMOON, (A6} JUPITE, (A3)SUN $% BOUY NAMES, 1ST IS ORIGIN
ELIPS=(ALF&)JUPITE, (ALF3)SUN,.9547861E-3,4.81E+1C,5.1913995, $$ ELLIPTIC DATA
«0486288,.1765935,.056971884,.40587194,2433964.,4.6664,4333.7153%% FOR JUPITER
COEFN=0ye490yebyly10153064~.16326,.01020448,.5+951004+10+9,» $% AERD. COEFF.
10091025919 10C s 0099159 =060008y94030T59sll7y999lE3,180,0,1E8,1CC=24,14,19,1 3%

RMASS=150000,525C0,23625 $% STAGE MASSES
FLOW=750,125456.2540¢56.25 $% STAGE FLCW RATES
SIMP=420,420,420,,420 $3 STAGE SPCCIFIC IMPULSES

~ AEXIT=3,1,.5 $$ STAGE ENGINE EXIT AREAS
AREA=T.5,4,42 $$ STAGE AEROUDY. REFERENCE AREAS
T8=117,207.9,400,1€7,50,3600 $$ STAGE BURNING TIMES
CELT=2,2,2,864C0,2,600 $$ STAGE INITIAL INTEGRATION STEP SIZCS
IDENT=42,3+4+5+6 $$ STAGE INPUT IDENTIFICATION NUMBERS
DTOFFJ=2437640.5,TOFFT=7/24 $$ TAKE-OFF DATE AND FRACTIUN OF DAY
LAT=28.280,L0ONG=-80.57T1,ELEV=81.7%$% LATITUDE,LONGITUDE,ELEVATION
AZ1=64.5,ALT=1C, IMODE=4 $% AZIMUIH,ALTITUDE,INTECRATION ~ODE
MODCUT=2,DELMAX=50 $$ MODE OF CGuTPLT, I1ME INTERVALS OF DUIPUT
STEPMX=300, OBLATN={AS)EARTH $$ MAXIMUM ALLOWED STEP NUMBER, UBLATE HODY
TKICK=10 $$ TIME OF THE VERTICAL NON-DRA(L STEP
ROTATE=7.29211585€E-5 $$ ROTATICON RATE OF THE ORIGIN s0ODY [(EARTH)
ATMN=(AS)EARTH,RATM=1E1l1l $$ ATMOSPHERE NAME, RACIUS OF ATMOSPHERE
EREF=1E-5,ERLIMT=5E~5 $$ REFEERENCE ERRUR, LIMIT ERROR

SUBROUTINE ORDER reorders the list of bodies putting the Sun before Juplter
(i.e., the Sun's position relative to the vehicle must be found before Jupiter's
relative position can be computed). The elliptic data for finding Jupiter's
position are relocated according to the computed body list. The gravitational
constants, p and -/E, are then calculated. The atmosphere belongs to the body
at the origin (Earth) so that the rotation rate and atmospheric radius are set.
The final duty of ORDER is to position the merged ephemerides tape at the be-
ginning of the correct ephemeris. In this case, only one merged ephemeris was
constructed; nevertheless, it still must be identified and spaced to the begin-
ning of the data.

The maln program now calls SUBROUTINE STAGE, which is responsible for con-
trolling the sequencing of the stages for the flight. The data for the first
stage are set into their proper locations as in example I. Before calling SUB-
ROUTINE NBODY, however, SUBROUTINE TUDES is called (since IMODE = 4) to trans-
form the Earth-centered spherical coordinates into rectangular coordinates.® In
addition, TUDES computes the closed-form solution for the initial vertical non-
drag step. The path 1s integrated from this point on, where the initial orien-
tation is specified by the spherical coordinates. The small error introduced by
this procedure is offset by avolding the compllications associated with integra-
ting the takeoff. One such difficulty is the thrust-direction specification when
the velocity 1s zero, especlally if the origin body is rotating.

The SUBROUTINE STAGE then calls upon SUBROUTINE NBODY to perform the inte-
gration of the first-stage path. The derivatives are supplied by SUBROUTINE
EQUATE which, in turn, calls upon SUBROUTINES EPHMRS, ICAO, AERO, THRUST, and
OBLATE. SUBROUTINE EPHMRS computes the perturbations that result from bodies
other than the origin body. The positions of the Sun and Moon are determined
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through use of the merged ephemeris tape, while the position of Jupiter is deter-
mined by SUBROUTINE ELIPSE, which uses the ellipse data loaded on input cards.

SUBROUTINE AERO determines the aerodynamic accelerations through use of
quadratic equations for the 1ift and drag coefficlents and SUBROUTINE ICAQ, which
determines density, pressure, and temperature as functions of altitude. SUB-
ROUTINE THRUST computes the thrust magnitude as a function of ambient pressure
(eq. (4)) and then determines the thrust orientation relative to the x,y,z axes.
Oblateness accelerations are determined in SUBROUTINE OBLATE.

The integration of the first-stage path is terminated by SUBROUTINE STEP
when t = 117 seconds. Control is then returned to STAGE whereupon the second-
stage data are set in place for integration of the second-stage path, which is
terminated by STEP when t = 324.9 seconds.

It is required that the third-stage engine cease operating when the eccen-
tricity of the path equals 1.10. Let it also be required that the output occur
only every 100 seconds instead of every 50 seconds, as during stages one and two.
These results may be obtained by placing the following cards after the previous
set: i

$C=3,LELPAX=1CC 8% OLTPUT EVLRY 140 SEC. FGR STAGE 3
LOCKA=1226,XLCOK=1.1,FND=1,IKLOOK=30 $$% STCP WHRLN ECCENTRICITY = 1.1

These cards are read into the computer after the third-stage data are set in
place (since IDENT (3) = 3), but before integration of the third-stage path
begins. The third-stage burning time, 400 seconds, was purposely set high enoug!
to allow sufficient time for the eccentricity to reach the value 1.10.

To illustrate the input facilities, the coasting third stage will be called
the fourth stage, the reverse-thrust portion at the Moon a fifth stage, and the
final coast portion about the Moon a sixth stage. Under these conditions, 1t
becomes necessary to determine the initial masses of these stages. The lnitial
masses of the fourth and fifth stages may be computed on the following Input
card, which is placed after the previous cards:

$0=3C, 5T,712=MASS/ RVASS(4)=NMASS,MASS 85 COMPUTE ASSES FCOR STAGES 4 ANE 5.

This card will be read into the computer immedlately following the condition of
e = 1,10, since INLOOK = 30.

The fourth-stage path is to be integrated in orbit elements with less output
than previously required. The following cards are sufficient for these purposes:
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$0=4,IMOLE=-2, MCDOUT=3, DELVAX=21bOb ¢s INTEGRATE IN CRBIT ELEMINTS FOR STACGEH 4
STEPS=1C, TMIN=864C0 $% CUTPLT EVERY 6 HUURS TILL 1 LAY, THLCN EVCRY 17 SIEPS

About a half day later, the vehicle is close enough to the Moon so that the
coordinate-system origin is translated to the Moon. This translation 1s accom-
panied by a shift to rectangular integration variables, since the vehicle 1s
approaching the Moon far out on a hyperbolic asymptote. After the origin is
translated to the Moon, an input card may be read to cause termination of the
fourth stage when the true anomaly about the Moon is zero:

$U=LC1,LUCKX=115C, XLDCK=C ¢4 INTEGRATE UNTIL TRUE ANOMALY S ZCURC

The fifth-stage path is integrated with reverse thrust until e = 0.05.
The angle a 1is computed to be = by using the COEFN array. The termination
of stage five is caused by the cards:

$0=5,LCCKX=1226 ¢4 XLCCK=,05, INLOCK=5C $$ STAGF 5, REVERSE THRUST UNTIL E=.05
IMCCE=-1 $% SWITCKH TC RECTANGULAR CQORDINAIES

The sixth-stage mass 1s computed by the card:

$D=5CyRVASS(e)=MASS $% CCMPLTE MASS FOR STAGL 6.

In addition, output is desired at 10-minute intervals, which may be accomplished
with the card:

sL=6,4y¥CCOCUT=2,CELMAX=6C0, IMOLE=-2 $$ OUTPUT EVERY 1C MINUTES FOR STAGE 6.

The last step output is reproduced as follows:

STEP= 181. ¢+ 18, ECCENTRICITY= 5,00567108E-02 OMEGA=-2.,49327761

TIME= 114425.91 SEMILATUS R.= 212(902./78 TRU A=-3,08236283
JDAY= 2437642.1157 MEAN ANCMALY=-3,076206T74 NODE=-1.65888363
ALFA= 180.00C00 PATH ANGLE=-0.17870317 INCL= 0.77642372

EARTH R= 3,7524622E C8 0.C99065 0.940877 0.323939
JUPITE R= 8.4530520E 11 0.579731 -0.742897 -C.3134688

V= 1441.76900 = 2239823.488 REFFR=MOON Greli i
VX= 859.314598 X= 884837.336 RMASS= 30_.4.16549
VY= 868.288918 Y=-1786%946.89 RIVSe= Ceb2317527
vi= T765.735352 = 1320144.7¢C LBELT= 462.857422
SUN R= 1.4697769¢ 11 =-0.24.123 -0.890528 -0.3386394
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TABLE II. - PROGRAM CQVTROL PARAMETERS

Delcr;.pticn of use

I Zontrol CCMMON Possible values Setting
. variables | locatlon ~
ASYMPT A7} 0.0 or 1.0 Internal Normally equal to 0.0; set equal to 1.0 in SUBROUTINE EQUATE when Xepler's equation
falls to converge for e > 1, and then used to control tranching in NBODY for
i IHODE = 3. )
ATMN a(21) Any ALF coded body name Input Contains name of body that is to have an atmosphere. (Causes SUBRCUTINE AERO *o be
i called in SUBROUTINE EQUATE if obJect is within that atmosphere.
:-C.ZAR [+1¢:3] Any value Input If CLEAR = 0O, SUBROUTINE STDATA !s called from MAIN: if CLEAR # 0, SUBRCUTINE STDATA
t is bypassed. STDATA clears the A, XPRIM, and XPRIME arrays.
CONSTU A{32) >0, 1078 to -1072 radian 3TDATA: 10~ |Controls branching in SUBROUTINE EQUATE, which determines how accurate eccentric
input anomaly will be computed by Kepler's equation.
50, ~1079 to -10"9 radian STDATA: 10-8 | Similar to CONSTU except that it 15 used in SUBROUTINE ELIPSE for perturbing bodles
’ input instead of object. . -
Any number of seconds Input If MODOUT = 2 or 3, output is given only at Intervals of DELMAX.
Any number Tnput Used when ILCOKK £ 0. After the condition C(LOOKX) = XLOOK 1 met, Zomtrol is ment
i to main program if END < O, to complete the Stage in process if END = O, or begin
i ___|integrating the next stage if END > 0. .
Any number STDATA: 10-6 Desired error value. Error control predicts step size such that B2 - EREF. 1t
; input EREF < 0, 1t will be treated as +EREF; however, error data will be recorded and
| L printed. i
ERLIMT © a(14) Any plus numbter STDATA: 3x10-6!Maximum error value that allows step in question to be passed as good step. If
! input E2 > ERLIMT, step 18 recomputed with smaller atep size.
ETOL : &({30) Positive number of order STDATA: 0.01 If eccentricity falls irn region 1:ETOL and integration 1z in orbit elements, inte-
' . input gration mode is awitched to temporary rectangular until eccentricity falls outaslde
{ this region.

FILE ! B{22) Any plus integer Internal Set equal to 10.0 in SUBROUTINE ORDER if tape data 1s used to determine positions,
velocities, and attractions of perturting bodlies. Then read as file number of tape 3.
Sea TFILE. -

1cc(10) A(153) Any fixed-polnt integer Input internal |Index of independent variable in COEFN array used in PUNCTION QUAD. PFor each set of
coefficlients there is an ICC. They are set at input time and are reset each time
QUAD is called.

TMODE a{1) 1,2,3,4,-1,-2,-3,-4 STDATA: 1 Indicates integration mode. Must agree with input data (1f input data is rectangular,

i . {#ixed point) input internal | IMODE should equal 2 or -2). Values indicate:
1 = orbit elements -1 = ortit elements, change to rectangular
2 = rectangular varlables -2 = rectangular, change to orbit elements
3 = temporary rectangular -3 orblt, change to temporary rectangular
4 = Earth spherical change -4 = Earth spherical, change t¢ orblt elements
to rectangular -
LOOKX ale) Fixed-point integer Input The program searches for the value C(LOOKX) = XLOOK if LOOKX # 0. The search begins
! when C[LOOKSW) > SWLOOK. If and when C(LOOK) = XLOOK output occurs and program
] control is directed by the parameter ERD.
T T - - N
. LOOKSW | a(9) . Fixed-point integsr STDATA: 711 The search for C{LOOKX) = XLOOK does not begin until C(LOOKSW) > SWLOOK. Typlically,
i t tnput time 18 the decidirg parameter; therefore, STDATA sets IOOKSW = T11.
MODOUT - a{20) ''1,2,3,4 (fixed point) STDATA:r 4 MODOUP = 1 Output every n®h step (n = STEPS) until TIME = TMIN, then shift to mode 2.
input internal = 2 Qutput at time Intervale of DELMAX until TIME = TMAX.
= 3 futput at time éntervah of DELMAX until TIME = TMIN, then shift to mcde 4.

. . = 4 Qutput_every n'h step unttl TIME = TMAK.

WSAVE c(4) 0,1,2,. .,10 {fized point}| Input If the initial data {arrays A, XPRIM, and XPRIMB} for the nth stage ia to be saved, it
will occur fust prior to the nrth stage integration if N3AVE = NSTAGE, the stage
index. NSAVE = 0 1s ignored (no stage data will be saved).

OBLATN . A{40) Any ALP coded body name Input If oblateness effects 7;{:‘5 to be consldsred, loading a body name will cause SUBROUTINE
OBLATE to be called from SUBROUTINE EQUATE when OBLATN matches reference body.

LHECALL a(s) Any value Input If RECALL # 0.0, "starting” data will be restored from D array in MAIN. See NSAVE.
" STGNAL B(31) 0.0 or 1.0 Internal If and when C(LOOKX) = XLOOK, SIGNAL is set to 1.0 for use in any of the subroutinss
EXTRAS, EXTRA, STAOE, and sc forth. EXTRA resets SIGNAL = 0.
| STEPMX " A(18) Any plus number STDATA: 100.0 |If (STEPGO + STEFNO) 2 3TEPMX, problem terminates.
input . .
i STEPS a{17) Any plus number STDATA: 1.0 Used when MODOUT = 1 or 4. Output will occur at every nth step where n = STEPS.
' - input _
SWLOOK A{10) Any number Input Used when LOOKX # 0. Value of the parameter C{LOOKSW) to be equaled or exceeded
| before the search for C(LOOK) = XLOOK begina.
" TAPE 3 c(2) 0.0 or 3.0 Input internal | If "working” ephemeris tape 18 to be made, TAPE 3 must be aet equsl to zero through
i Input gontained in SUEROUTINE TAPE. If no tape is rmade, or after tape 13 made,
! . _ _|TAPE 3 s set to 3.0. )
: TPILE aA(8) Any plus integer STDATA: 1.0 Selects which file of "working" ephemeris tape is to be used. ORDER positions tape in
i input correct position by matching desired file number (TPILE) with code word (PILE)
written at beginning of each file on tape.
TMAX B{4) Any number in seconds Internal When time = TMAX a stage is terminated.
. TMIN a{18) Any nunber in sesonds Input When time = TWMIN output mode 1s changed. See MODOUT. 77
" TRSFER B(8} 0.0 or 1.0 Internal Normally TRSFER = 0.0, but when origin is being translated, TRSFER = 1.0, which causes
SUBROUTINES EPHMRS and ELIPSE to compute velocitiles as well as positions.
TTEST A(Sﬂ Any number in seconds Internal When integration mode {s changed to temporary rectangular, TTEST is set as time at
R which program will begln checking for return to orblt elements. See NBODY part 7D.

XLOOK A(12) Any number Input The value of C{LOOKX) that is searched for as the trajectory Integration proceeds

providing LOOKX # 0.
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TABLE III.

- BASIC OUTPUT FORMAT

(a) Sample output

STEP=  O.

TIME= O.

+ 0.

JDAY= 2437640.8350

ALFA= O.

ALT.= 0.1875000

SUN R=

V= 9.99999976E-02 R= 6373346.50
VX= 3.86224359E-02 X=-2463371.37
7.90702742E-02 Y= 5043168.50
VZ= 4.74994606E-02 Z= 3019569.50
9.99999976E~-02 (= 1.49946962
R= 3.9293912E 08

VY=

VR=
MOON

1.4728028E 11 -0.261730

ECCENTRICITY= 1.00000000 OMEGA=-2.64801353

SEMILATUS R.= 1.93844640E-09 TRU A= 3.14159262

MEAN ANCMALY= O. NODE= 2.02516600
PATH ANGLE= 89.9209976 INCL= 1.5707940¢

R PATH ANGLE= 89.9209976 DRAG= 4.99665982E-03

-0.885466 -0.383989

REFER=EARTH RECTAN 2
RMAS3S= 150000.000
REVS.= 0.32231534
DELT= 6.00000000
PUSH= O.

-0.387660 -0.874846 -0.290456

(b) Parameter identification

OQutput format

mnemonic

Identification

STEP

TIME
JDAY
ECCENTRICITY
SEMILATUS R.
MEAN ANOMALY
OMEGA
TRU A
NODE

INCL

ALFA

PATH ANGLE

v, VX, VY, VZ
R, X, ¥, Z
REFER

RMASS
REVS.

DELT

ALT.

R PATH ANGLE
DRAG

VR

a

PUSH
BNAME(1)R

Count of total number of successful integration sateps
to left of plus sign and count of fallures on right

Time since beginning of integration process, t, sec
Current Julian date‘

Qaculating orbit eccentriclty, e

Semilatus rectum of osculating orblt, p, m

Mean anomaly of osculating orbit, M

Argument of pericenter, w, radlana

True anomaly of osculating orblt, v, radians

Equatorial longlitude of ascending node of osculating
orbit, Q, radians

Orblt inclination referred to mean equator and
equinox of 1950.0, 1, radians

Angle between thrust and velocity, a, deg
Angle between path and local hdrizontal, deg
Velocity and its x,y,z components, V, m/sec
Radius and 1ts x,y,z components, r, m

Name of reference body, followed by integration
mode, IMODE

Vehicle mass, m, kg

Revolutions past x-axis

Step size for current step, h, sec

Altitude above Earth, m

Relatlve path angle, relative to Earth, deg

Total drag force, D, newtons

Veloclty relative to rotating reference body

Total Earth g's acting on longltudinal axls of missile
Thrust force, newtons

Vehicle to perturbing body distance, ri, plus dlrec-
tion cosines
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TABLE IV. - COMMON ALLOCATION

ThE CCMMCN ARKAY ¢ IS ARRANGED IN SUBARRAYS AS FOLLOWS.

Cl I1y = CL 7103) = A (Those parameters whose initial values must be identical on different flights 1f the trajectories
are to be identical)

CU 7111 ~ €0 910) = XPRIM (Most significant half of the double-precislon Integration variables)

C{ 911} - C(1110) = XPRIMA (Least significant half of the double-precision integratlon variables)

Critily - Cti9ig) = 8 {(Those parameters whose initial values need not be identical on different flighta I1f the tra-
Jectories are to be Identical)

Ct1811) -~ C(211CY = TABLE {Table required by the input routine to locate input data)

Ct2t11) -~ C13210) = 0O (Array of initial values for A,XPRIM, and XPRIMB if restart facility 1s being used)

ALLCCATION FCR THE ARRAY A

1 IMOCE NEQ NSTAGE ALT END TFILE ASYMPT LOOKX LOOKSHW SWLDOK
11 XT0L XLOCK EREF ERLIMT TRICK STEPMX STEPS THMIN DELmAX MODOUT
21 ATMN RATV DTCFFJ TOFFT RE CBLATY 0OBLATD OBLATH AU E10L
31 CONSU CCNSTY LAT LONG At ELEY YEL L5TASE ROTATE OBLATN
41 STEPGO STEPNOD CEL SPC TTOL GASFAC SORDK1 REVS ALPHA BLTA
51 AK - - U IND
61 - -

-t
-t
m
w
-
>
E o
]

R -
RMASS1
FLOWI
SIMP1
AEXITL
AREAL
IDENT
DELTI
BOOYCD
IcC
(4]

-
©

LIPS

c
n
x
LI T T T O T A N L Y A Y O I N I RO IO

PNAME
REFER
AMASS
RCRIT

COEFN

[ T T T T T 2O T T N DO Y T I Y T O Y Y N T N N NN Y I N NN N N N Y N TN B B N IR IO T Y I B |
1

[ T T A T T R A T N N T T T T M T O T O A A SO Y A T N R Y I N I NN T O Y T A T O TN Y I |
[ T T T N T A T Y N N Y Y TN N I U N TN T TN Y N T T TR N TN N N N NN AN TN AN U 2N o B N N N I RO N B BN
[ IO T T T T Y O T Y Y T A Y N NN NN NN I I TN DO Y IO A NN O NN N NN T N NN T A O - B N BT N B N N NN N )

]
LI N R S RO Y DN T N T Y AN N T N A NN O O R NN I RO N N IO N NN BN O N NN N NN N N O N N Y AN N A N B B AN |
L T T I T TR T N I RO I E O I A O IR IR N IR N TN NN I N D NN AN RO AN I AN NN I NN RN Y Y NN I N Y R BN I R |
lllllllll!llllllllll.l LU I O N Y I T Y TN T TR TN Y N O A I A A A T O I |

w
o
pe=

I R T L T O O T T T T T T T T T T T T S S O U T Y O T O B I I O O §

| I I I I A
lll'lllIIlllllllllllllllll"'l/ll"ll‘
L T I I O |
[ T T I I |
I I I T I |
LI T I Y I
LI T I B I )
LI R R I |

NLUOK NCASES

n
>
-

(7 I TR I I I

WITCH
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ALLCCATICN FOR THE ARRAY 8

181
191
201
211
221
231
241
251
261
271
281
251
el
ERY
3zt
331
341
351
361
37t
3al
351
401
411
421
431
441
451
481
471
481
491
501
511
521
531
541
551
561
571
SB1
591
601
611
621
631
641
651
661
671
681
691
701
7Ll
721
731
T4l
751
761
771
781
791

DELT
A2
REVCLY
SIGKNAL
NBCLYS
INCERR

RAC AL
AMSCRD
VCSCRO

L2 O 2N T N IO I T I I N Y NS N Y BN N B |
m
n
k3

o
<
»
b g
o

—
z
a

| N T T T N TR T T S TN A O N T Y T T S T SN TN IO O A I B 4

SIMP
ACOEF1
FILE

HBOCYS
SINTRY
XIFT
CIRCUM
VX

R

BNAVE

EXITA

AEXIT
ACOEF2
RATMOS
PRESS
IN
COSTRY
CorPA
ZO0RMAL
vy

LI T N S O Y IO O IO N N B B

AMC

L U T R I I I - |

(I T T T N T T A Y O TR I AN TR TN T T T N B B |

TABLE IV.

TMAX
ACCEF3
NSTART
™
QMAX
SINCL

~

L I N T Y AN N O Y A O Y Y S N BN~ - DY |

L T T T T T T N I I O S O A AN IO IO B N N}

[N I Y N S N B I B )

- Continued.

FLOw
H2
CHAMP
SQRLK
RSORD
CINCL

UBLAT

BCRIT

EFMRS

DATA

T 11y il =ttt I Z1IH x40 <

COMMON ALLOCATION

AREA
SPACES
EPAR
GK2M
SINALF
SINV
FORCE

VSURD

OHBELS

RESGURD
ERLOG
EXMODE
GKM
SINBET
COsy

ANC
VATM

(I T R I I |

LI T O T B |

{2 S NN TR Y TN SN T O A Y A N NS N B Y B |

+

o

TRSFER
L2
EMONE
VMACH
COSALF
RATIO

Qx

LI T O T O Y A T O T O Y A IO B N |

SR

LI TR TN O Y N Y N O - |

LI T T N S I |

L 2 A T I A A |

OLDUEL
KSLb
DNSIEIY
DONL
CUSHET
Q

DRAG

[ I I B S R A

LI N T N I B |

LI R N S R TR O O B TN |

Al
TABLY
PSl
=L
PRAGN
PAR

AM

v
XwHIILE

EFMKS

-
b=
m
-

RETURN

L I T T N L R O Y O Y T TR Y N O O Y I |
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ALLCCATICN FOR THE ARRAY C

1l

n
4]
51
¢l

81

9i
1cl
|38
121
131
141
151
161
171
181
161
2C1
211
221
231
241
251
261
271
281
291
301
311
321
331
341
381
361
371
gl
391
401
411
421
431
441
451
461
471
481
491
501
Stl
521
531
541
551
561
57

591
601!
&11
621
631
841
651
661
&71
&81
491
701
71

NCASE
IMCCE
X100
ATMA
COASL
S1EPCO
AK

L7, JNU T R R T T T TR N N DN N N TN I K Y N IO NN O T D IO T NN S N TN OO NN RN N NN TN NN N T O Y Y I R N I T ']

WIICK

XPR¥»

TAPE]D
NEC
ALCCK
RATH
CCKRSTY
STEFND

LI T B |

L TR T T N N N T T Y T T Y NN TR NN S S TR T N N SO NN SN I TN NN NN O T T T RN N NN RO Y AN S TR Y Y N R B T B |

CLEAR
NSTAGE
EREF
DTIOFFJ
LAY
DEL

TB
RMASS1
FLOwI
SIMPY
AEXIT]
AREAL
IDENT
DELT]
RODYCC
1cc
col

—

TABLE IV.

NSAVE
ALY
ERLIMT
TOFFT
LONG
SPD
TTEST

-

LI I I I Y IR I S 2 I R 2 R N N T N I U A D U NN IO TN TN JN TN N Y N I AN O AN TN S NN TN Y Y Y o N Y Y I N}

-~ Continued.

RECALL
END
TKICK
RE

ALY
TI0L
AW

a

LI IO T RO N IO SO DN N I Y TN NN Y N Y IO N TN T T Y I S O I T T Y T T T T T T Y Y B Y IO IO O A T O

COMMON ALLOCATION

TFILE
STERMX
O8LATY
ELEV
GASFAC

LI O T A R TR O T N I I A Y O O TN T T TN TN T T A TR Y T O Y Y O T Y I IO IO T B B}

ASYRPY
STEPS
OBLATD
VEL
SQRLK1

bt

LIPS

FLim g1 ¢ 401

[al
Q
m
hul
z

1

LODK&
M
UBLATH
LSTACD
REVS

LOUKSW
DELMAX
AU
ROTFATE
ALPHA
U

L I T I IO N Y AN I I O Y O T O T I I I I Y Y Y R N AN A BN O Y B |

Lo SL I N R N RO S RO IO IO IO T B Y|

NLOUK

SWLNOK
MOpGOT
ETOL
DolATN
BETA
N

LI T N Y Y O IO IO O I N Y |

NCASFS



121
731
T4l
151
761
771
781
791
BCl
811
821
831
84l
851
861
871
881
891
S¢C1
911
521
931
941
951
961
871
981
991
1001
1011
1021
1031
1041
1051
1061
1071
1081
1091
1101
1111
1121
1131
1141
1151
1161
1171
1181
1191
1201
1211
1221
1231
1241
1251
1261
1271
1281
1291
1301
1311

PRIMB

LI T T N I O I O O IO T O IO IO NN N R R A I B A A |

BELT
A2
REVCLYV
SIGAAL
NBOCYS
INDERR

RADIAL
AMSCRD
VESCRE

L I T T T Y O T TR T I T O O BN B O

SIMP
ACCEF1
FILE

MBCLYS
SINTRY
XUFT
CIRCUM
vx

R

ANANE

[ 2 T I I B O |

L I T Y N Y T S T TN O Y Y I I L I N A N IO OO A I |

LI IR R N Y AN R A I I I |

ADXIT
ACOEF2
RATNMOS
PRESS
IN
COSTRU
COMPA
JORMAL
vY

TABLE IV. ~ Continued.

[N T S T I I |

[ S T T T R T TR T O A O T O N IO AN N Y Y I |

TMAX
ACUEF]
NSTART
|1
OMaX
SINCL

L T T T T SO T T Y S N I~ - I I |
~

IR T I N I R I N Y T B |

[ I R N T T TN T T TN TN O TN O O T A A TN T O O N N Y |

xrmi

~-
[=]
x

CHAMP
SQRECK
RSQRD
CINCL

OBLAT

CE <

HBCRIT

NEFMRS

COMMON ALLOCATION

[ T T T Y T TN N Y N TN NN Y JN U AN N Y A DN A DO O TN NN T DN N A T A N A O T B ¥

AREA
SPALES
EPAR
GK2M
SINALF
SINY
FORCE

VSORL

CRBELS

[ T N TN I N S I N N O N I |

LI T O I B I}

L T T T T I T T I SO Y T Y N T N I N O N SN N B B B |

IRSFER
€2
EMCNE
VMALH
COSaLF
RATIG

0x

[ R O I B B B B I |

(T T T T N O I B T |

(I T T O T I O I I |

L I T I T NN Y N IO N I B |

[ T T T T N TN T RO T DN N N T O SN I N I Y IR B B R B B 2N |

>
-

TABLT
PSl
THU
PMALN
PAR

Am

Vo
XWHOLL
EFMS

TLEL

7



TABLE IV. - Continued. COMMON ALLOCATION

R

1321
1331
1341
1351
1361
1371
1381
1391
14C1
1411
1421
1431
1441
1451
1461
1471
1481
1491
1501
1511
1521
1531
1541
1551
1561
1571
1581
1591
1601
1611
1621
1631
1641
1651
1661
1671
1681
1891
1701
1711
1721
1731
1741
1751
1761
1771
1781
1751
18C1
1811
1821
1831
1841
1851
1861
1871
1881
1891
1501
1811 TABLE - - = - - = = - -

m
"
x

DATA

[ T O T A S Y R T O N B I 2N B N B B
[ |

uTpar RETURN

USke xITA

>

=

a
LI T R I IO A B |

€3

o

p=
[

—
z
o

2 T T T T T T N Y Y N TN N TN TN O I NN TN T T O O L O DO O T O A N I N L AN NN TN N N N N N I B I I A )
t

[ 20 I T N N B I N RN N U N R NN B Y R RO R T R DO TN B B N BN 0. IO D N S R N B N N N BN B N N I - 2NN I )
f T T T O T T N NN NN A N N T TN N I IO NN I TR NN N N I NN N TN LY NN DO NN N RN N N I N NN RN I N N N N B }
N 2 T T O TN U SO N NN TN S NN N RO IO N NN NN TN NN U O NN DN N NN I NN~ O NN TR N A RN N N T N RN N N N I B B B |
[ I T T N T O T O N O N TN I N N O NN FO N A Y NN NN IR NN N N I Y N NN I NN NN N D N N N D I N N N Y B B A
L T T TR O T T O TR O O Y IO RO IO AN N TN TN N NN TN N D N I D IR Y AN N AN TN NN O IO N N I R T BN T A N B |
L2 T I T NN N N N NN O H N N A N N DR AN RN I R D R D R - R N NN B R N I A N I IR R R B N RN N
L T T T T T TR T SO T Y R TN Y Y TN T NN Y T Y T TN N TR TN T O TN N DT T Y TN O 2O O IO O N N I IO B I I )

LI T T T T T T TN N Y T N O I N TN O N I O N N NN N N B R |
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1921
1931
1941
1951
1961
1971
1861
1891
2001
2011
2021
2031
2041
2051
2061
2071
2081
2091
2101
2111
2121
2131
2141
2151
2161
2171
2181
2191
22C1
2211
2221
223}
2241
2251
2261
2271
2281
2291
2301
2311
2321
2331
2341
2351
2361
23171
2381
2391
2401
2411
2421
2431
2441
2451
2461
2471
2481
2491
2501
2511

[ I T N S Y TN T Y T O Y T Y N I}

ti 1 tral

PO T T T T N T I T T T TN O T Y O T O TN A N T NN I A Y O N I |

L T T T O T T WO T T T N N T O T T TN T TN T T T T TN O TN T T TN O Y T N N N DN NN TN DN NN Y Y N NN Y I T I N BN NN R B B |

[ IR T O [ I I Y O A N O Y NN N AN O S R T A A N B S B B |

I T N T N T R T N Y T T T O T T T I A I A Y I I IO O O I |

TABLE IV.

- Continued.

[T O U O O T I U T T 2 T T T T T J T T T JON O NN TN TN N N AR T N Y N N O Y U Y T Y AN Y TN AN N IO N N Y Y O N BN N N N

COMMON ALLOCATION

LI T O T R O I I I |

[ I N N N O N O Y N N B N I |

LI N T R I

L I T T I O A |

[ 200 TR T O T T T T T T T IO TN Y S T N Y AN N A N BN N NNV N TN N D NN B N I NN K B R B B I |

[ IO TR N T T O O O O Y R T SO NN N T I IO IR AN NN O AN N RO NN N N I A N NN N N N B |

LI O T U S O DO N N TN N N O O B N B N |

[ I T O I N I IR OO Y RO O N IR T N N N TN DN DN IO N U DO RO N N IO T T RN I B B B N B |
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2521
2531
2541
2551
2561
2571
2581
2591
2601
2611
2621
2631
2641
2651
2661
2671
2681
2691

21701

2711
2721
2731
2741
2751
2761
2771
2781
2791
2801
2811
2821
2831
2841
2851
2861
2871
2881
2891
2901
2911
2921
2931
2941
2951
2961
2971
2981
2991
3001
3011
3021
3031
3041
30s1
3061
3071
308}
3091
3101
il
3121
3131
3141
3151
3161
31N
3181
39t
3201
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TABLE IV.

PN IO T O I 2 T T T O I T T T T T T T Y IO N N RN N NN TN N N N NN N NN U N NN NN NN N SN TN N R R B DN O N B )

L T T T A B B B

- Concluded.

RN R N T N N T T N U T 20 T T T A O T T T T T T DO I T N A Y AN I IO T Y TN U DN DR NN U T N NN N N N T N I N I B e B B B I ]

COMMCN ALLOCATION
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TABLE VI. - ASSUMED VALUES OF ASTRONOMICAL CONSTANTS

Constant Assumed value FORTRAN | COMMON
name location
Astronomical unit, m 1. 49599x1011 | AU A(29)
Gravitational constant of the Sun, AUS/day? 2. 959122083x10-4 | SQRDKL A(47)
Equatorial Earth radius, m 6378165. | RE A(25)
Earth oblateness coefficient, J 1. 62345X10~3 | OBLATS A{28)
Farth oblateness coefficient, 2 7. 875x10~6 | OBLATD A(27)
Earth oblateness coefficlent, H -5, 75x10-6 | OBLATE A(28)
Earth radii per AU 4.26546512x107° |[ERTOAU | ac(3)
Day, sec 86400 | SPD A44)
Mass, reciprocal sun mass units:
Sun 1.0 AMASS(1) | A(347)
Mercury 6,120,000] AMASS(2) | A(348)
Venus 408,645| AMASS(3) | A(349)
Earth 332951. 3| AMASS(4) | A(350)
Mars 3,088,000! AMASS(5) | A(351)
Jupiter 1047.39| AMASS(6) | A(352)
Saturn 3500.0| AMASS(7) | A(353)
Uranus 22,869 AMASS(8) | A(354)
Neptune 18,889| AMASS(9) | A(355)
Pluto 400,000 AMASS(10)| A(356)
Moon Mass(4) x 81,375 AMASSElJ) A(357)
Earth-Moon Aass(4) + aMass(11)| aMASS(12)| A(358)
Sphere-of-influence radil, m:
Sun 1.0x1020[ RCRTT(1) | A(377)
Mercury 1.0x108| RoRTT(2) | A(378)
Venus 6.14x108| RCRIT(3) | A(379)
Farth 9. 25x10°3 RCRIT§4) A(380)
Mars 5.78x16°| RCRTT(5) | A(361)
Jupiter 4,81x1010| RCRIT(6) | A(382)
Saturn 5, 46x1010| RCRTT(7) | A(383)
Uranus 5.17x1010| RCRIT(8) | A(384)
Neptune 8. 61x10+0! ReRTT(9) | A(385)
Pluto 3. 81x1010| RCRIT(10) A%SBG)
Moon 1.60x108| RCRIT(11)| A(387)
80cation relative to COMMON of SUBROUTINE TAPE (TAPE has a COMMON that is inde-

pendent of all other subroutines).
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| AN PROGRAM |

2 1,8 4 17 L
T (oo ] L
{ Exit
] 130 1 12 J115 . (9 ,
[mwoes | | weooy | | mxomas| | moema | T
4 221 1,5,46,555 |14,220 ___ |240,280
[smr ] | Bquate | | ERmomz |
45, L3, 4,18, 22,44, 46 27 129 [31 L
@i’ﬁ) [ ourrur | ITEST-‘I'-[R—I [omare || [ 1ca0 | (/Exit\
— 7 NN £
(i) [27 ) 6] {20 [37.40 lan N
(% ) meur 16 | epms | | meRUsT| | AFRo |
~ N 18 17] |22 1
<
17|\2 /|2
p— 30 54 48 5 7] i2,4,7
{cowr 2] | comm | [auar |
foxit
\c }
.

Exit Cause of exit

a |End of data on input tape or incorrectly punched data cards
b Illegal request of ephemeris data (misspelled names, wrong dates, etc.)
c Illegal list of bodies (misspelled, unconnected references, etc.)

4 |Sense switch 6 down (machine operator termination)

e Number of permissible integration steps (STEPMX) exceeded

f |Nonconvergence of Kepler's equation after 15 iterations

Figure 1. - Block diagram of principal subprograms and program exits. Numbers on the block
diagram are the FCRTRAN calling statement numbers. A program may call only those programs
located at a lower level and connected by e line. Logic decisions are not shown.
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C May ephemeris tape be constructed? (Is TAPEZ = 0.97) J
YES [N

SUBROUTINE TAPE

( Should the standard data be loaded? (Is JLEAR = 0.7) )
YES

SUBROUTINE STDATA

NO

( Should initlal data and control parameters be recalled? {Is RECALL = 0.?})
{ =S No
[~ s, xenzy, oroe |

<INPUT1 (Main tnput station) >

i
( Is sense switch € down? )F%
i

[ Compute number {LSTAGE) of stages if not yet specifled ]

i

<SU’BROUTINE ORDER (Orders 11ist of perturbing bodies) >

< SUBROUTINE STAGE >

Ready for next irajectory

— __SUBRQUTINE STATE

STAGE
tart :

( Should inftlal date for thls stage be saved? [Is NSAVE = NITAGE?) )
JyES NO

[ A, XPRTM, XPRIMB ~ D |
o
™

F(eve vehlcle stage data for this stage Into working stores l

|

< INPUT, IDENT (NSTAGE) (Input station for this stage) >

Is INPUT in earth-centersd spherical coordinates? (Is |IMODE| = 47) )
} 1Es NG
<SUBROUTIH"£ TUDES (Convert to rectangular cccrd'.na.:eab
j
|

< SUBROUTINE NBODY {Integrates the path for this scage,)

<SUBROU‘I‘INE EXTRAS (Allows auxiliary computation tetween stages) >

( ‘Was this stage terminated by C(LOOKX) = XLOOK? (Is DONE < 07) )

} ¥o YES
(" 3» this the last stage? (Is NSTAGE = LSTAGE?) )
f wo YES

[ wsracE - nsTAGE + 1|

LBeady for nexk atage ..

<SL'BROUTINE EXTRA (Allows auxillary computation after trajectorb

X

Figure 2. - Flow dlagram of the main program and SUBROUTINE STAGE.
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Figure 4. - Angle-of-attack schedule and varlation of drag and
11ft coefficlents with Mach number.
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